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Abstract
The tropical tropopause layer (TTL) is a key region for troposphere-stratosphere exchange
and acts as a “gate” for trace gases entering the stratosphere. In particular, tropical tropopause
temperatures (TPTs) control the content of stratospheric water vapour, which influences
stratospheric chemistry, radiation and circulation and is also an important driver of surface
climate. Decadal variability or even long-term trends in TPTs and stratospheric water vapour
are of great interest but are still not well understood.
A comprehensive analysis of the TTL, including its detailed thermal structure, recent
variability and dominant processes spanning time scales of years to decades, is conducted in
this thesis using the recently available decade of high accuracy and high vertical resolution
Global Positioning System Radio Occultation (GPS-RO) data, the Modern Era Retrospective-
Analysis for Research and Applications (MERRA) reanalysis data, and a series of model
simulations with NCAR’s fully-coupled CESM model, which employs the chemistry climate
model WACCM as its atmospheric component.
The GPS-RO data measures a significant warming of TPTs and a weakening of the
strength of the tropopause inversion layer (TIL) since 2001. Based on a series of model
simulations, which switch on/off the corresponding factors, this recent warming in the TTL
is mainly due to internal variability, i.e. a decrease in sea surface temperatures (SSTs)
and a strengthening in Quasi-Biennial Oscillation (QBO) associated westerlies. A version
of WACCM with higher vertical resolution (~300 m) reproduces this recent temperature
variability better than with the standard vertical resolution (~1 km).
This thesis provides the first evidence for a connection between TPTs and the Pacific
Decadal Oscillation (PDO), from both observations and model simulations. The phase of the
PDO, and in particular the change from positive to negative phases around the year 2000, can
very well explain the recently observed TPT (multi-) decadal variability. This connection
between SSTs and TPTs has consequences for stratospheric water vapour and may provide
an important feedback on the Earth’s global surface temperatures.
Additionally, the hotly debated (multi-) decadal variability in lower stratospheric (LS)
water vapour between 1979 and 2014, can be well understood with the 11-year solar cycle,
the decadal El-Niño Southern Oscillation (ENSO) and the PDO. LS water vapour lags the
solar cycle by 2-3 years and can be explained using a link between the solar cycle, decadal
ENSO variations and tropopause temperature variability.
This thesis highlights the importance of a fine vertical resolution for climate models and
improves the understanding of the TTL temperature and LS water vapour variability over the
recent decades. In particular it opens up a debate of the connection between stratospheric
decadal to multidecadal variability and modes of SST variability, such as the PDO.
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Zusammenfassung
Die Schicht um die tropische Tropopause (tropical tropopause layer - TTL) ist eine
Schlüsselregion für den Austausch zwischen Tropo- und Stratosphäre und Haupteintragsre-
gion von Spurengasen in die Stratosphäre. Tropische Tropopausentemperaturen bestimmen
die Menge des stratosphärischen Wasserdampfes, der sowohl die stratosphärische Chemie,
als auch die Strahlung und Zirkulation beeinflusst und ein wichtiger Treiber des Klimas
an der Erdoberfläche ist. Dekadische Variabilität oder sogar langfristige Trends in den
Tropopausentemperaturen und im stratosphärischen Wasserdampf sind daher von großem
Interesse, jedoch bisher nicht gut verstanden.
In dieser Arbeit wird eine umfassende Analyse der TTL, einschließlich ihrer detaillierten
thermischen Struktur und ihrer aktuellen Variabilität auf Zeitskalen von Jahren bis Jahrzehn-
ten durchgeführt. Dazu werden die nun für eine Dekade verfügbaren, sehr genauen und
vertikal hoch aufgelösten Global Positioning System Radio Occultation (GPS-RO) Daten, die
MERRA (Modern Era Retrospective-analysis for Research and Applications) Reanalysedaten,
sowie eine Reihe von Modellsimulationen mit einem voll gekoppelten Klima-Chemiemodell
vom NCAR (CESM-WACCM), welches bis in die Thermosphäre reicht, verwendet.
Die GPS-RO Daten zeigen eine signifikante Erwärmung der Tropopausentempera-
turen und eine Abschwächung der Stärke der Inversionsschicht oberhalb der Tropopause
(Tropopause Inversion Layer – TIL) seit 2001. Basierend auf einer Reihe von Modell-
simulationen, in welchen die entsprechenden natürlichen und anthropogenen Faktoren ein-
bzw. ausgeschaltet werden, kann diese Erwärmung in der TTL vor allem auf interne Vari-
abilität zurückgeführt werden. Dafür verantwortlich sind insbesondere eine Abnahme der
Meeresoberflächentemperaturen und eine Verstärkung der Westphase der stratosphärischen
Quasi-Biennial Oscillation (QBO). Eine vertikal höher aufgelöste Modellversion (~300 m in
der TTL) reproduziert diese Temperaturvariabilität besser als die Standardauflösung (~1 km).
Im Rahmen dieser Arbeit wird erstmalig ein Zusammenhang zwischen den Tropopausen-
temperaturen und der PDO (Pacific Decadal Oscillation) sowohl in Beobachtungs- als auch
Modelldaten hergestellt und ein Mechanismus vorgeschlagen. Die Phase der PDO, und
insbesondere die Änderungen von einer positiven zu einer negativen Phase um das Jahr
2000, können die beobachtete (multi-)dekadische Variabilität der Tropopausentemperaturen
gut erklären. Die Verbindung zwischen Meeresoberflächen- und Tropopausentemperaturen
beeinflusst wiederum den stratosphärischen Wasserdampf und könnte eine wichtige Wechsel-
wirkung zur globalen Erdbodentemperatur darstellen.
Die momentan stark diskutierte (multi-)dekadische Variabilität im Wasserdampf der un-
teren Stratosphäre zwischen 1979 und 2014 kann mit dem 11-jährigen Sonnenfleckenzyklus,
der dekadischen El-Niño Southern Oscillation (ENSO) und der PDO Variabilität erklärt
vwerden. Das Wasserdampfsignal ist zwei bis drei Jahre nach einem Sonnenfleckenmaximum
am stärksten und kann mit der Verbindung zwischen dekadischer ENSO Variabilität und
Tropopausentemperaturen verstanden werden.
Diese Arbeit unterstreicht die Bedeutung einer feinen vertikalen Auflösung für Klimamod-
elle im Bereich der TTL und verbessert das Verständnis der Temperatur- und Wasserdampf-
variabilität in der unteren Stratosphäre in den letzten Jahrzehnten. Insbesondere eröffnet
sie eine Diskussion über den Zusammenhang zwischen dekadischer bis multidekadischer
stratosphärischer Variabilität und Variabilitätsmoden im Ozean wie zum Beispiel der PDO.
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Introduction
1.1 The Tropical Tropopause Layer
In the tropics, the temperature decreases with height from the surface up to the tropopause
region (~17 km), and then increases at higher altitudes through the stratosphere. The relative
minimum temperature between the troposphere and the stratosphere is termed the cold point
tropopause (CPT, the solid line in Fig. 1.1). The tropopause is a transition zone between the
well-mixed, convectively active troposphere and the stably stratified and quieter stratosphere,
rather than a line that isolates the troposphere from the stratosphere (Fueglistaler et al., 2009;
Gettelman and Birner, 2007; Highwood and Hoskins, 1998; Plumb, 2007; Sherwood and
Dessler, 2001). This transition zone is now generally called the tropical tropopause layer
(TTL, blue shaded area in Fig. 1.1a), within which the air has distinct properties of both the
troposphere and the stratosphere. The vertical range of the TTL depends on its definition, i.e.,
it can be a shallower layer between 14-18.5 km (Fueglistaler et al., 2009) or a deeper layer
of about 12-19 km (Gettelman and Forster, 2002; SPARC-CCMVal, 2010, chapter 7). These
definitions all capture the same key feature of transition from convectively to radiatively
dominated regimes (Fig. 1.2).
The TTL acts like a “gate” for air entering into the stratosphere from the tropical tropo-
sphere, and thereby determines the amounts of atmospheric tracers entering the stratosphere,
such as very short lived substances and water vapour, which both play an important role
for stratospheric radiation and chemistry. The transition of atmospheric tracers between the
troposphere and stratosphere is largely determined by the composition of the air near the
tropical tropopause (Hegglin et al., 2014; Randel and Jensen, 2013). The tracer concentration
exhibits particularly strong vertical gradients through the TTL region, e.g., ozone begins to
depart from its tropospheric background value at the level of minimum stability and increases
strongly to high values, and water vapour reaches its stratospheric background value near
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Fig. 1.1 Schematic of the large-scale structure and circulation of the TTL in the latitude-
height plane. The influence of tropical deep convection and interactions with other regions
of the atmosphere are highlighted. The solid line in the tropics near 17 km indicates the
CPT, and the dotted lines denote the extratropical tropopause. Contours represent the zonal
mean winds, and the wriggled lines highlight two-way transport between the TTL (blue
region) and the extratropics. The upward arrow across the tropical tropopause indicates the
large-scale upwelling associated with the Brewer-Dobson circulation. The latitude scale is
proportional to area (weighted by cos (latitude)). b, Large-scale dynamical structure of the
zonal mean atmosphere, highlighting the propagation of tropical and extratropical waves
(denoted by arrows) that dissipate in the subtropics (red regions), inducing polewards motion
in the subtropical lower stratosphere and time mean upwelling within the TTL. From Randel
and Jensen (2013, their Figure 1).
the CPT (Fig. 1.2). The stratospheric constituents are therefore particularly sensitive to the
mixing processes in the TTL. The TTL affects both the surface and stratospheric climate,
because of the strong chemical effects of these tracers as well as the powerful radiative effects
of water vapour (Dessler et al., 2013; Solomon et al., 2010). The TTL in turn is influenced
by a variety of physical, dynamical and chemical processes (Fig. 1.1), and is highly sensitive
to climate change, and hence is a potential indicator of climate change (Santer et al., 2003;
Shepherd, 2002).
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Fig. 1.2 Schematic of TTL based on the thermal structure and chemical tracer relationships.
The schematic highlights the change of O3 and H2O at the two critical levels in the thermo-
dynamic structure–O3 begins to depart from its tropospheric background value at the level of
minimum stability, and H2O reaches its stratospheric background value near the CPT. The
transitional air masses, as identified by the tracer-relationship, are well correlated with the
level of minimum stability and the CPT. From Pan et al. (2014, their Figure 12).
1.2 Detailed structure of the TTL – Tropopause Inversion
Layer (TIL)
1.2.1 The discovery of the TIL
Temperature is a fundamental state variable of the atmosphere, linking atmospheric motion,
clouds, radiation, (moist) convection, and chemical reactions. Temperature observations
with high vertical resolution from radiosondes have been available since the 1950s, albeit
with relatively few stations, many of which do not have openly-accessible data. Since the
1970s, satellite measurements have provided layer average temperatures with global coverage,
but poor vertical resolution. Since 2001, the Global Positioning System Radio Occultation
(GPS-RO) data have provided data that are well-suited for studying the TTL, i.e. data with
global coverage, weather independent, self-calibrating measurements, and very high vertical
resolution of about 100 m (see details about the GPS-RO data in Wickert et al. (2001, 2009)
and Chapter 2).
With this highly accurate and highly vertically resolved temperature data, the detailed
vertical thermal structure of the TTL, the height of the tropopause, and the tropopause tem-
perature, can now be precisely detected for every profile. However, because the tropopause
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height and temperature vary with time and location, the main features of the TTL’s vertical
structure are blurred by a conventional sea-level based average, where the vertical coordinate
is fixed in time and horizontal space. Birner (2006) instead computed the average with respect
to the local, time-dependent altitude of the tropopause (i.e., a tropopause-based average), in
order to preserve characteristic features that are coupled to the tropopause. This resulted in
the discovery of the so-called Tropopause Inversion Layer (TIL), a narrow (1-2 km) band
of temperature inversion above the tropopause associated with a region of enhanced static
stability (Fig. 1.3), in radiosonde data (Birner, 2006; Birner et al., 2002), which was later
confirmed as a global feature with GPS-RO data (Grise et al., 2010).
Fig. 1.3 Averaged profiles representative of about 45°N of (left) temperature and (right)
buoyancy frequency squared from radiosonde data. Dotted lines indicate sea-level based
average, solid lines indicate tropopause-based average, and dashed lines indicate profiles of
the U.S. standard atmosphere at 45°N. Horizontal lines denote the height of the tropopause.
From Birner et al. (2006, their Figure 8).
The thermal structure of the TIL sharply contrasts conventional, textbook climatologies
of atmospheric temperature (~1 km vertical resolution), which typically show roughly
constant temperature profiles in the mid-latitude lower stratosphere (dashed lines in Fig.
1.3), according to the U.S. standard atmosphere (USSA) (Force, 1976). The TIL, which is
a particular aspect of the tropopause over the globe, is distinct with the conventional TTL,
which constitutes the broader transition region from the troposphere to the stratosphere in the
tropics.
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1.2.2 Mechanisms for TIL formation
Wirth (2004) and Wirth and Szabo (2007), using an idealized model and dynamical framework,
found that the sharp peak in squared buoyancy frequency (N2) just above the tropopause
occurrs primarily in anticyclonic flow. By taking into account the enhancement of gravity
wave activity associated with the cyclone and jet stream during the development and mature
stages of a cyclone, Otsuka et al. (2014) suggested that the vertical convergence from gravity
waves associated with synoptic weather systems is a key process in the formation of the
negative correlation between the strength of the TIL and the local relative vorticity at the
tropopause. Birner et al. (2006) suggested that the existence of the TIL might result from
large-scale eddy heat fluxes. These dynamical mechanisms were disputed by Randel et al.
(2007), who showed that the TIL exists during any dynamic circulation regimes, and should
have other causes, such as radiative processes resulting from the strong gradients of water
vapour and ozone across the tropopause. This radiative mechanism was supported by the
studies of Hegglin et al. (2009); Kunz et al. (2009); Randel and Wu (2010) and Schmidt
et al. (2010). Furthermore, Birner (2010) showed this question to be more complex by
pointing out that the residual circulation mainly caused the TIL in the winter midlatitudes,
whereas radiation seems to dominate the formation of the polar summer TIL. The relative
contribution of both, dynamical and radiative processes, was studied in a high-resolution
model (Miyazaki et al., 2010a,b), and supports the idea that radiative effects are important
only in polar summer while dynamics dominate otherwise. The formation and maintenance
of the TIL are not yet fully understood and are may be a combination of effects by both
radiation and different scale dynamical processes.
1.2.3 The strength of the TIL and its potential impacts on climate
Randel et al. (2007) define the strength of the TIL (STIL) as the temperature difference
between the temperature at 2 km above the tropopause and the tropopause temperature
(TPT) in the extratropics. In this thesis we use a similar definition of the STIL, but with the
temperature at 1 km instead of 2 km above the tropopause, since the maximum of N2 occurs
no more than 1 km above the tropopause (Fig. 1.3b, also Grise et al. (2010)) in the tropics.
The maximum of N2 is used as another indicator of STIL. There are at least three potential
impacts of the TIL on stratospheric climate. First, as described above, the CPT dominates the
water vapour amount entering the stratosphere from the troposphere (Hegglin et al., 2014;
Randel and Jensen, 2013). Whether such a temperature inversion just above the CPT also
influences the water vapour dehydration while crossing the tropopause and entering into the
lower stratosphere needs further study. Second, the buoyancy frequency N2, which indicates
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the stability of the atmosphere, determines the sensitivity of the temperature tendency to
the vertical motion due to the thermodynamic balance (see section 1.3.1 below and also
Randel and Wu (2015)). Finally, N2 is an essential factor in controlling equatorial waves
(Alexander et al., 2010; Fritts and Alexander, 2003). A thin layer with dramatically increased
N2 potentially affects wave propagation, reflection and dissipation, and therefore influences
momentum and energy transport (Alexander et al., 2010; Flannaghan and Fueglistaler, 2013;
Fritts and Alexander, 2003). The response of the STIL to climate change on decadal or
longer time scales is still unclear. This thesis gives the first investigation of the long-term
variability in the STIL, to improve the understanding of both TIL formation and maintenance
mechanisms, and discuss potential impacts of the TIL on stratospheric climate (Chapter 2).
1.3 Seasonal-to-decadal variability of the TTL
As mentioned above and shown in Figs. 1.1 and 1.2, the temperature in the TTL is determined
by combined influences of latent heat release by convection, dynamically driven vertical
motion, and radiative cooling (Fueglistaler et al., 2009; Grise and Thompson, 2012, 2013;
Kim and Alexander, 2015; Randel and Jensen, 2013; Randel and Wu, 2015). These complex
processes from both the troposphere and the stratosphere make analyzing the TTL temperature
and its variability a complex task.
1.3.1 Thermodynamic balance
The zonal mean temperature can be analyzed and understood in a relatively simple theoretical
framework. The zonal mean thermodynamic equation (in transformed Eulerian mean (TEM)
coordinates (Andrews et al., 1987)) is:
T t =−v∗T y−w∗S+Q− ez/H [e−z/H(v′T ′ T yS +w
′T ′)]. (1.1)
Here T is zonally averaged temperature, (v∗, w∗) are meridional and vertical components
of the residual meridional circulation, S=HN2R is a stability parameter with the scale height
of H = 7km, gas constant R = 287m2S−2K−1, buoyancy frequency N2, and Q is the zonal
mean diabatic heating. The eddy terms in (1.1) are generally small (although not negligible
near the tropical tropopause (Abalos et al., 2013; Randel and Wu, 2015)), and the v∗ term is
also small in the deep tropics, so that the approximate thermodynamic balance is:
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T t =−w∗S+Q. (1.2)
In the troposphere, Q is mainly linked to large-scale convective heating and radiative
cooling, while radiation dominates in the stratosphere (and Q is often approximated by a
relaxation of the form Q =−α(T −T eq), with T eq a background equilibrium temperature
and α an inverse radiative damping time scale (e.g., Andrews et al., 1987)). Hence, zonal
mean temperatures in the tropical tropopause region and above can be primarily understood
in terms of (dynamically forced) upwelling w∗ and the response to radiative effects. Any
processes influencing the tropical upwelling, such as convection, tropospheric and stra-
tospheric circulations and wave-mean flow interactions, or the radiative heating rate, e.g.,
solar irradiance, stratospheric water vapour, ozone and aerosols, should be considered.
1.3.2 Processes influencing its variability
The TTL temperature has seasonal to decadal variations, depending on altitude, depending
on which processes dominate on a given time scale.
Fig. 1.4 (top panel) shows that the temperature in the TTL, especially around the
tropopause, has a clear annual cycle. In the lower levels of the TTL (upper troposphere), the
temperature shows weak seasonal variations and is broadly associated with the distribution
of convection, e.g. the Intertropical Convergence Zone (ITCZ) (Fueglistaler et al., 2009).
Around the tropopause, the temperature shows a prominent annual cycle, which is mainly
determined by the upward motion forced by equatorial and extratropical waves (Abalos et al.,
2014; Randel and Wu, 2015; Taguchi, 2009; Yulaeva et al., 1994) and also influenced by
the annual variations of lower stratospheric ozone (Fueglistaler et al., 2011). The upward
motion is the vertical component of the Brewer-Dobson circulation (BDC) in the tropics,
which then moves poleward and descends at middle and high latitudes (see a recent review
by Butchart, 2014). As addressed above in section 1.3.1, vertical motion is one key factor in
dominating the thermodynamic balance.
Beside the annual cycle, the TTL temperatures also show interannual variations as
shown in Fig. 1.4 (bottom panel). Above the tropopause in the tropical lower stratosphere,
the temperature is dominated by the Quasi-Biennial Oscillation (QBO) (Randel and Wu,
2015). The QBO appears as easterly and westerly wind regimes that propagate down to
the lowermost stratosphere, alternating with a variable period of about 28 months. It is
the dominant mode of variability throughout the equatorial stratosphere, and has important
impacts on the temperature structure as well as the distribution of chemical constituents
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Deseasonalized Tropical Temperatures
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Fig. 1.4 Time-altitude cross section of temperatures in the tropics (10°S-10°N) from the GPS-
RO data over the period 2001-2014. (top) Monthly time series and (bottom) deseasonalized
monthly anomalies (defined as the departure of temperatures for a particular month from the
long-term monthly mean). The dark blue columns in the early 2001, late 2014 and 2006 are
due to the missing data.
like water vapour, methane and ozone (Baldwin et al., 2001). It is mainly driven by upward
propagating tropical atmospheric waves like gravity, inertia-gravity, Kelvin and Rossby-
gravity waves. The QBO influences the tropical temperature above the tropopause mainly
due to the thermal wind balance, which is a balance between temperature and the vertical
shear of the zonal winds (Andrews et al., 1987; Baldwin et al., 2001), and also influences
the temperature by modulating the upward motion of the BDC (Flury et al., 2013), and the
upward propagation of equatorial and extratropical waves (Simpson et al., 2009).
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Another interannual feature of the TTL temperature variability, which can be seen
from the time series of the temperature anomalies in Fig. 1.5, is the El Niño–Southern
Oscillation (ENSO) (Yulaeva and Wallace, 1994). ENSO is the leading mode of an empirical
orthogonal function (EOF) analysis of global detrended monthly SST anomalies (details
of method in Deser et al., 2010). It is a seesaw between warm and cold SST anomalies in
the equatorial Pacific with consequences for the regional and global weather and climate.
SSTs are anomalously warm in the tropical Pacific ocean during a warm ENSO phase (El
Niño), while cold anomalies can be found during a cold ENSO phase (La Niña). ENSO
influences the tropical weather and also the extratropics via tropospheric teleconnections, e.g.
the atmospheric bridge (Alexander, 2013). There seems to be also a stratospheric pathway of
ENSO influencing the troposphere as recently summarized from reanalysis data by Butler
et al. (2014). During ENSO warm phases, the Aleutian low is deepened, and the planetary
wave number 1 interferes positively with the climatological wave structure (Ineson and
Scaife, 2009). The resulting stronger wave forcing in turn leads to a weaker stratospheric
polar vortex (Ayarzagüena et al., 2013; Manzini et al., 2006) and more Sudden Stratospheric
Warming (SSW) events, which significantly influence the surface weather during winter in
the Northern Hemisphere. Beside the tropospheric effects, ENSO also influences the TTL
region because it modulates deep convection and extratropical wave propagation (Calvo et al.,
2010; Garfinkel et al., 2013a,b; Randel and Wu, 2015; Randel et al., 2009; Scherllin-Pirscher
et al., 2012; Simpson et al., 2011) and also the upward motion of the BDC (Oberländer et al.,
2013) in the tropics.
The TTL temperature also exhibits clear decadal variability (Fig. 1.5). On this time scale,
one important influence on the TTL temperature comes from the 11-year solar cycle (e.g.
Gray et al., 2010; SPARC-CCMVal, 2010). The 11-year solar cycle is the most pronounced
variability in observed solar irradiance. Solar variability influences the temperature through
direct radiative effects and also indirect effects. Indirect effects include by a "top-down"
mechanism through radiative effects on stratospheric ozone and subsequent indirect dynami-
cal effects, or a "bottom-up" mechanism through the long memory of SST response to the
solar forcing and the corresponding feedbacks to the atmospheric circulations (e.g., Meehl
et al., 2009; van Loon and Meehl, 2014). The maximum temperature response occurs in the
equatorial upper stratosphere during solar maximum conditions, and a distinct secondary
temperature maximum can be found in the equatorial lower stratosphere around 100 hPa
(Gray et al., 2010; SPARC-CCMVal, 2010).
Another potential driver of decadal to multidecadal TTL variability is the Pacific Decadal
Oscillation (PDO). The PDO is the leading EOF of monthly SST anomalies over the North
Pacific (Alexander, 2013; Deser et al., 2010; Kamae et al., 2015). The PDO SST pattern is
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Fig. 1.5 Deseasonalized tropical (10°S-10°N) temperature anomalies at 100 (bottom) and 70
(top) hPa during 1979-2014, from the Modern Era Retrospective-Analysis for Research and
Applications (MERRA) reanalysis data.
similar to that of ENSO, except for the relative weighting between the north and tropical
Pacific: for the PDO, SST anomalies in the equatorial eastern Pacific are comparable to those
in the North Pacific, whereas they are considerably larger for ENSO (Deser et al., 2010, and
references therein). The PDO may influence the TTL temperature similarly to ENSO, but on
different time scales. The relative importance of the PDO for decadal to multidecadal TTL
variability as well as the possible mechanism are still largely unknown. This is another focus
of this thesis.
In addition to the single-factor effects, the processes described above may also be coupled.
For example, the 11-year solar cycle can produce ENSO-like SST anomalies in the Pacific
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(e.g., Meehl et al., 2009; van Loon and Meehl, 2014), and though the mechanism is not clear,
a lagged response in SSTs to the solar cycle has been seen in both the North Atlantic (Gray
et al., 2013; Scaife et al., 2013; Thieblemont et al., 2015) and the North Pacific (Hood et al.,
2013; Meehl and Arblaster, 2009; Roy and Haigh, 2012) regions. This indicates a potentially
delayed solar signal in lower stratospheric water vapour (Schieferdecker et al., 2015).
Another key issue regarding the tropopause temperature is its long-term trends. The
National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data show a significant cooling in tropopause temperatures over the
past decades (1981-2010), while the European Center for Medium rage Weather Forecasting
(ECMWF) reanalysis data show an opposite signal (Fueglistaler et al., 2013; SPARC-CCMVal,
2010; Xie et al., 2014). Tropical tropopause temperature trends from radiosondes are highly
uncertain because the radiosonde datasets do not have global coverage and are constructed
by different approaches (Wang et al., 2012), though the uncertainties and discrepancies may
also be due to the decadal to multidecadal variability described above. For example, the TTL
temperature in the MERRA reanalysis decreased during 1979-2000, but increased after 2001
(Fig. 1.5). Thus decadal to multidecadal variability increases uncertainty and reduces the
statistical significance of potential long-term trends.
This thesis revisits processes described above influencing TTL temperatures, using both
observations and a unique set of model simulations, which includes both an interactive
ocean and an interactive chemistry module and reaches up to the thermosphere. In particular,
decadal to multidecadal variability of the TTL temperature, as well as its connection to
SSTs, will be investigated with the goal of improving our understanding of the recent TTL
temperature variability.
1.3.3 Lower stratospheric water vapour
Stratospheric water vapour influences chemistry, radiation and circulation in the stratosphere,
and is also an important driver of surface climate. Water vapour is the source of ozone-
destroying HOx species, and therefore influences ozone depletion and associated chemical
and dynamical processes in the stratosphere (Randel and Jensen, 2013; Tian et al., 2009).
As a powerful greenhouse gas, enhanced stratospheric water vapour content will cool the
upper stratosphere through thermal emission of infrared (IR) wavelengths, while warming the
troposphere through absorption of IR radiation from the troposphere. It cools the surface by
reducing shortwave radiation arrived to the surface slightly, but strongly warms the surface by
absorbing the upward and emitting the downward longwave radiation at the same time, and
contributes to a net warming at the surface (Fig. 1.6). As also illustrated in Fig. 1.6, water
vapour exhibits its maximal variations at the lower stratosphere. By these mechanisms, trends
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Fig. 1.6 Effect of stratospheric water vapour changes on radiative forcing of surface climate
based on detailed line-by-line calculations. (A) Instantaneous longwave (LW) and instanta-
neous shortwave (SW) radiative forcing, along with the adjusted net total forcing (based on
fixed-dynamical heating) versus altitude at 35°N obtained for a uniform change of 1 ppmv in
1-km layers using a line-by-line radiative transfer model; the largest sensitivity occurs close
to the tropopause. (B), The observed post-2000 water vapour decrease at 35°N, showing that
the largest changes occurred in the most sensitive region. From Solomon et al. (2010, their
Figure 2).
in lower stratospheric water vapour content significantly impact global surface temperatures
(Dessler et al., 2013; Solomon et al., 2010).
Lower stratospheric water vapour is mainly controlled by the CPT, since it freeze-dries
while crossing the tropopause (Fueglistaler et al., 2009; Randel and Jensen, 2013). Like long-
term trends in the tropical tropopause temperature, long-term trends in lower stratosphere
water vapour are also not well quantified. Balloon measurements over Boulder, Colorado
(USA) show an average increase of water vapour in the lower stratosphere from 1980 to 2010
(Hurst et al., 2011), though other analyses have not found evidence for a long-term trend
(Hegglin et al., 2014). Further, clear decadal variability in stratospheric water vapour has
been seen in both models and observations (Dessler et al., 2014; Fueglistaler et al., 2013;
Hurst et al., 2011). This decadal variability in lower stratospheric water vapour has been
linked (with a 2-year lag) to the 11-year solar cycle (Schieferdecker et al., 2015), though the
mechanism is still unclear. While a possible lagged response in SSTs to the solar cycle has
been discussed previously (Gray et al., 2013; Hood et al., 2013; Meehl and Arblaster, 2009;
Roy and Haigh, 2012; Scaife et al., 2013; Thieblemont et al., 2015), this discovery reopened
the debate of "top-down" versus "bottom-up" mechanism discussed in section 1.3.2.
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The spatial distribution of lower stratospheric water vapour is also important, since it is
strongly controlled by the spatial structure of tropopause temperature, and therefore a useful
indicator of the lower stratospheric response to the surface (Fu, 2013; Garfinkel et al., 2013a).
As described above, both the tropopause temperature and lower stratospheric water vapour
trends have significant zonal asymmetries (Fu, 2013; Garfinkel et al., 2013a), which implies
that the zonal mean may not be the best indicator of trends, especially when quantifying the
relative contribution due to different processes, e.g. patterns in SST variations.
With respect to both the zonal mean and the spatial pattern, this thesis explains recent
interannual to decadal variability of lower stratospheric water vapour. Special attention is
paid to its connection to the 11-year solar cycle and SSTs.
1.4 TTL representation in climate models
Climate models are the primary tools available for investigating the response of the climate
system to various forcings, for making climate predictions on seasonal to decadal time
scales and for making projections of future climate over the coming century and beyond
(Flato et al., 2014). An advantage of models over observations is that we can run a number
of realizations, and therefore increase the amount of data available for statistical analysis.
Coupled Chemistry Climate Models (CCMs), including a fully resolved stratosphere with
interactive radiative, chemical and dynamical processes, are state-of-the-art models for
investigating the variability and physical characteristics of both the stratosphere and the TTL
(Eyring et al., 2006; Morgenstern et al., 2010; SPARC-CCMVal, 2010). Many studies have
used CCMs to study the processes in the stratosphere and the TTL, especially the responses
and feedbacks to climate change (Butchart et al., 2010; Eyring et al., 2006, 2007; Gettelman
et al., 2009, 2010; Li et al., 2008; SPARC-CCMVal, 2010). CCMs are able to reproduce
the climatology, indicating both the annual cycle and interannual anomalies, of tropopause
temperature, pressure, water vapour and ozone. Some common deficiencies, e.g., a large (10
K) spread in annual mean tropical CPTs and the annual cycle of water vapour in the lower
stratosphere is shifted early, exist in many models (Gettelman et al., 2009; SPARC-CCMVal,
2010). These deficiencies are partly due to the coarse vertical resolution of CCMs, which
is specially investigated in this thesis. As an important driver, SSTs were prescribed in
most of CCM simulations in Stratospheric Processes and their Role in Climate (SPARC)
Chemistry-Climate Model Validation Activity (CCMVal-2) (SPARC-CCMVal, 2010), since
the interactive chemistry is computationally expensive. However, without an interactive
ocean, the internal damping of anomalies due to surface heat fluxes is enhanced and therefore
reduces the variance in the atmosphere (e.g. Barsugli and Battisti, 1998; Hansen et al.,
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2014). In this thesis, a set of model simulations with both fully-coupled ocean and interactive
chemistry are performed to see the possible improvements for representing of the TTL.
1.4.1 TIL structure in Chemistry Climate Models (CCMs)
As mentioned above, the TTL region is affected by complex physical processes, including
convection, cloud and trace gases related radiation, and large- and small-scale circulations
(Fueglistaler et al., 2009; Randel and Jensen, 2013). This makes comprehensive modeling of
this region a daunting challenge (Randel and Jensen, 2013). It has been found, for example,
that SPARC CCMVal-2 (SPARC-CCMVal, 2010) CCMs may not be able to quantitatively
reproduce the structure of the observed TIL, due to their generally relatively coarse vertical
resolution, which is about 1 km in the Upper Troposphere and Lower Stratosphere (UTLS).
Such coarse vertical resolutions makes it difficult to adequately describe small-scale waves,
such as Kelvin and gravity waves, which contribute to the detailed thermal structure in the
TTL. In addition, the fast transition processes between the stratosphere and troposphere can
not be well captured, which means that the subsequent radiative effects by the ozone and
water vapour anomalies are also not fully represented.
1.4.2 TTL interannual variability and long-term trends in CCMs
Though only a few climate models are currently able to internally generate a QBO (because
of the coarse vertical resolution of most models and poor resolution of small-scale waves),
climate models may still capture QBO-influenced variations by simulating a so-called nudged
QBO (Baldwin et al., 2001; Hansen et al., 2013; Matthes et al., 2010; Tian et al., 2006).
Climate models, with a fully-coupled ocean or prescribed SSTs have also been used to
estimate ENSO effects on both the TTL and the whole stratosphere (Ayarzagüena et al.,
2013; Cagnazzo et al., 2009; Calvo et al., 2010; SPARC-CCMVal, 2010). ENSO influ-
ences interannual variations of the lower stratospheric temperature (Randel and Wu, 2015;
Scherllin-Pirscher et al., 2012), water vapour (Garfinkel et al., 2013b; Xie et al., 2012) as
well as dynamical circulations (Calvo et al., 2010; Manzini et al., 2006; Simpson et al.,
2011). Decadal variability in TTL temperatures related to 11-year solar cycle has also been
investigated (Austin et al., 2008; Matthes et al., 2010; SPARC-CCMVal, 2010). The direct
solar signal in the tropical upper stratosphere is acceptably represented in CCMs. However,
larger differences in the vertical structure of the solar signal among the different CCMs
as well as among different observational data sets occur below 10 hPa (Gray et al., 2010;
Matthes et al., 2013; SPARC-CCMVal, 2010). Historical trends in tropopause pressure from
reanalysis products can be generally simulated by CCMs. However, the long-term TTL
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temperature trends from models have been found to be inconsistent with either observations
or between different CCMs (Gettelman et al., 2009; Kim et al., 2013). This discrepancy is
seen in lower stratospheric water vapour as well.
1.4.3 Importance of vertical resolution in climate models
High horizontal resolution is an important factor in the performance of climate models
and has been investigated by many studies (e.g., Jung et al., 2012; Roeckner et al., 2006;
Staniforth and Thuburn, 2012; Zhou et al., 2001). Vertical resolution is also important and
influences both the tropospheric and stratospheric temperature and dynamics (e.g. Rind
et al., 2007; Roeckner et al., 2006). While the horizontal resolution of climate models has
significantly increased during the last decade, similar changes were not accompanied in
vertical resolution (Richter et al., 2014a). Recently, as more attention has been given to
the upper atmosphere, the interest in the role of vertical resolution in climate models has
grown (e.g. Bunzel and Schmidt, 2013; Richter et al., 2014a,b). The vertical resolution is
important for a climate model to well simulate the interactions between the troposphere and
the upper atmosphere; for example, it influences how a model simulates wave propagation
from the troposphere to upper atmosphere and therefore is essential for a model to generate
a realistic QBO (Baldwin et al., 2001; Bunzel and Schmidt, 2013; Giorgetta et al., 2002;
Richter et al., 2014b; Xue et al., 2012). Well-reproduced wave activities and a realistic QBO
in turn improve the simulation of temperature and mixing processes in the TTL (Richter
et al., 2014a).
1.4.4 The CESM-WACCM model with high vertical resolution
NCAR’s Community Earth System Model (CESM) model (version 1.0 in this study), which
is a fully coupled model system, including interactive ocean (POP2), land (CLM4), sea ice
(CICE) and atmosphere (CAM/WACCM) model components, is used in this study. The
Whole Atmosphere Community Climate Model (WACCM) is employed as atmospheric
component. WACCM (version 4) is a CCM with detailed middle atmospheric chemistry and
dynamics, extending from the surface to about 140 km (Garcia et al., 2007; Marsh et al.,
2013). All simulations use a horizontal resolution of 1.9°× 2.5°(latitude× longitude) for the
atmosphere and approximately 1 degree for the ocean. The standard version (W_L66) has
66 vertical levels, which means about 1 km vertical resolution in the TTL and in the lower
stratosphere.
To better capture the fine-scale thermal structure of the atmosphere (i.e. the TIL) and to
accurately describe the associated physical processes, several previous studies have used a
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Fig. 1.7 Vertical levels in the standard WACCM model (W_L66, left) and WACCM with
finer vertical resolutions (W_L103, right). The WACCM model top is at 10−6 hPa, only
differences (blue area) until 1 hPa are shown to highlight the TTL (marked by red thick
lines).
special high vertical resolution version (W_L103) of NCAR’s WACCM model (Gettelman
and Birner, 2007; Gettelman et al., 2009). W_L103 has 103 vertical levels, with increased
vertical resolution (about 300 m) in the UTLS (300-30 hPa), but the same vertical resolution
as the W_L66 (Fig. 1.7). Evident improvements in the high vertical resolution version of
WACCM include a better TIL structure (e.g., Gettelman and Birner, 2007; Gettelman et al.,
2009), though more detailed investigations of, for example, the detailed structure of the
TIL and different scales of variability, have not yet been done. This thesis use this high
vertical resolution WACCM model to further investigate the TTL characteristics as well as
its interannual to decadal variability.
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1.5 Scientific questions in this thesis
This thesis focuses on the detailed thermal structure of the TTL, its recent variability, and
its influencing processes in different time-scale, such as the QBO, ENSO, the 11-year solar
cycle, and the PDO. The following questions will be addressed in the coming chapters.
• What is the recent TTL temperature variability measured by the GPS-RO data?
How well can the WACCM model capture this variability? (Chapter 2)
• How do different natural and anthropogenic factors contribute to the recent TTL
temperature variability? How important is the vertical resolution of a climate
model for reproducing the TTL variability? (Chapter 3)
• How important is decadal to multidecadal variability in estimating the long-term
trend of the tropical tropopause temperature, and which processes control it?
(Chapter 4)
• Can we explain the recent variability in lower stratospheric water vapour? Which
processes determine its decadal to multidecadal variability? (Chapter 5)
This thesis will answer these questions using both observational data and a series of
climate simulations with NCAR’s CESM model, employing the WACCM as atmospheric
component. The simulations are unique, since they include both an interactive ocean and
an interactive chemistry module, reach up to the thermosphere and have relative long-
term integration of about 150 years. Specified effects of main climate drivers, i.e., solar
variability, SSTs, QBO and greenhouse gases, are separately simulated by switching on/off
the corresponding factor in model configurations. We also perform simulations with a finer
vertical resolution, with 103 vertical levels and about 300 m vertical resolution in the TTL
and lower stratosphere (Gettelman and Birner, 2007). Details of the model and the setup of
the simulations can be found in the respective chapters of this thesis.
The recent TTL temperature variability is investigated in Chapter 2, and Chapter 3
attributes this TTL variability to both natural and anthropogenic factors. A link between
decadal to multidecadal variability of the tropical tropopause temperature and sea surface
temperatures is addressed in Chapter 4. Chapter 5 explains the recent variability in lower
stratospheric water vapour. Conclusions and discussions are given in Chapter 6.

Chapter 2
Recent variability of the Tropical
Tropopause Inversion Layer
This chapter provides the first investigation of the long-term variability of tropical TIL over a
decade, with GPS-RO data and WACCM model simulations. Over the past decade (2001-
2011) the data show an increase of 0.8 K in tropical tropopause temperatures and a decrease
of 0.4 K in the strength of the tropical TIL. The vertical temperature gradient has therefore
declined, and static stability above the tropopause has weakened. WACCM simulations
with finer vertical resolution improve the TIL structure and variability as compared with the
standard WACCM runs. Model simulations show that the increased tropopause temperatures
and the weaker tropopause inversion layer are related to weakened upwelling, i.e. weakened
BDC in the tropics.
This chapter is a reprint of:
Wang, W., Matthes, K., Schmidt, T., and Neef, L.: Recent variability of the tropical
tropopause inversion layer, Geophys. Res. Lett., 40, 6308–6313, doi:10.1002/2013GL058350,
ulr:http://dx.doi.org/10.1002/2013GL058350, 2013.
Author contributions:
• W. Wang performed all the simulations, did all the analyses, produced all figures and
wrote the manuscript.
• K. Matthes initiated the model experiments, contributed to ideas and discussions on
the analysis and paper writing. T. Schmidt provided the GPS-RO data, contributed
with discussions and comments on the manuscript. L. Neef contributed to discussions
and comments on the manuscript.

Chapter 3
Quantifying contributions to the recent
temperature variability in the tropical
tropopause layer
This chapter attributes the recent TTL variability, as shown in Chapter 2, to natural and
anthropogenic factors, such as solar variability, SSTs, the QBO, stratospheric aerosols, GHGs,
as well as the dependence on the vertical resolution in the model.
A number of sensitivity simulations with NCAR’s CESM-WACCM model were per-
formed and analyzed to specifically quantify the factor contributions by switching on/off
the corresponding factors. The results indicate that the recent TTL warming is mainly due
to internal variability, i.e. the QBO and tropical SSTs, and partly caused by stratospheric
aerosols. The vertical resolution can also strongly influence the TTL temperature response in
addition to variability in the QBO and SSTs.
This chapter is a reprint of:
Wang, W., Matthes, K., and Schmidt, T.: Quantifying contributions to the recent
temperature variability in the tropical tropopause layer, Atmos. Chem. Phys., 15,
5815-5826, doi:10.5194/acp-15-5815-2015, 2015.
Author contributions:
• W. Wang performed several simulations, did all the analyses, produced all figures and
wrote the manuscript.
• K. Matthes initiated the model experiments, contributed to ideas and discussions on
the analysis and paper writing. T. Schmidt provided the GPS-RO data, contributed
with discussions and comments on the manuscript.
Atmos. Chem. Phys., 15, 5815–5826, 2015
www.atmos-chem-phys.net/15/5815/2015/
doi:10.5194/acp-15-5815-2015
© Author(s) 2015. CC Attribution 3.0 License.
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Abstract. The recently observed variability in the tropi-
cal tropopause layer (TTL), which features a warming of
0.9 K over the past decade (2001–2011), is investigated with
a number of sensitivity experiments from simulations with
NCAR’s CESM-WACCM chemistry–climate model. The ex-
periments have been designed to specifically quantify the
contributions from natural as well as anthropogenic factors,
such as solar variability (Solar), sea surface temperatures
(SSTs), the quasi-biennial oscillation (QBO), stratospheric
aerosols (Aerosol), greenhouse gases (GHGs) and the de-
pendence on the vertical resolution in the model. The re-
sults show that, in the TTL from 2001 through 2011, a
cooling in tropical SSTs leads to a weakening of tropical
upwelling around the tropical tropopause and hence rela-
tive downwelling and adiabatic warming of 0.3 K decade−1;
stronger QBO westerlies result in a 0.2 K decade−1 warm-
ing; increasing aerosols in the lower stratosphere lead to a
0.2 K decade−1 warming; a prolonged solar minimum con-
tributes about 0.2 K decade−1 to a cooling; and increased
GHGs have no significant influence. Considering all the fac-
tors mentioned above, we compute a net 0.5 K decade−1
warming, which is less than the observed 0.9 K decade−1
warming over the past decade in the TTL. Two simulations
with different vertical resolution show that, with higher verti-
cal resolution, an extra 0.8 Kdecade−1 warming can be simu-
lated through the last decade compared with results from the
“standard” low vertical resolution simulation. Model results
indicate that the recent warming in the TTL is partly caused
by stratospheric aerosols and mainly due to internal variabil-
ity, i.e. the QBO and tropical SSTs. The vertical resolution
can also strongly influence the TTL temperature response in
addition to variability in the QBO and SSTs.
1 Introduction
The tropical tropopause layer (TTL) is the transition layer
from the upper troposphere to the lower stratosphere in the
tropics, within which the air has distinct properties of both
the troposphere and the stratosphere. The vertical range of
the TTL depends on how it is defined, i.e. it can be a shal-
lower layer between 14 and 18.5 km (Fueglistaler et al.,
2009) or a deeper layer of about 12–19 km (Gettelman and
Forster, 2002; SPARC-CCMVal, 2010, chapter 7). As a key
region for the stratosphere–troposphere coupling, the TTL
acts like a “gate” for air entering into the stratosphere from
the tropical troposphere. The temperature in the TTL is de-
termined by the combined influences of latent heat release,
thermally as well as dynamically driven vertical motion and
radiative cooling (Gettelman and Forster, 2002; Fueglistaler
et al., 2009; Grise and Thompson, 2013). The thermal struc-
ture, static stability and zonal winds in the TTL affect the
two-way interaction between the troposphere and the strato-
sphere (Flury et al., 2013; Simpson et al., 2009) as well as
the surface climate, since the relative minimum temperature
(usually known as the cold point tropopause) subsequently
influences the radiation and water vapour budget (Andrews,
2010). The TTL reacts particularly sensitively to anthro-
pogenically induced radiative, chemical and dynamical forc-
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ings of the climate system and hence is a useful indicator for
climate change (Fueglistaler et al., 2009).
Over the past decade, a remarkable warming has been cap-
tured by Global Positioning System Radio Occultation (GPS-
RO) data in the TTL region (Schmidt et al., 2010; Wang et al.,
2013). This might indicate a climate change signal, with pos-
sible important impacts on stratospheric climate: e.g. tropi-
cal tropopause temperatures dominate the amount of water
vapour entering the stratosphere (Dessler et al., 2013, 2014;
Solomon et al., 2010; Gettelman et al., 2009; Randel and
Jensen, 2013). So far a long-term cooling in the lower strato-
sphere has been reported from the 1970s to 2000, although
there are large differences between different data sets (Ran-
del et al., 2009; Wang et al., 2012; Fueglistaler et al., 2013).
The exact reason for the recent warming is therefore of great
interest. An interesting issue is also whether this warming
will continue or change in sign in the future and how well
climate models can reproduce such a strong warming over 1
decade or longer time periods.
Based on model simulations, Wang et al. (2013) suggested
that the warming around the tropical tropopause could be
a result of a weaker tropical upwelling, which implies a
weakening of the Brewer–Dobson circulation (BDC). How-
ever, the strengthening or weakening of the BDC is still under
debate (Butchart, 2014, and references therein). Results from
observations indicate that the BDC may have slightly decel-
erated (Engel et al., 2009; Stiller et al., 2012), while estimates
from a number of chemistry–climate models (CCMs) show
in contrast a strengthening of the BDC (Butchart et al., 2010;
Li et al., 2008; Butchart, 2014). The reason for the discrep-
ancy between observed and modelled BDC changes, as well
as the mechanisms of the BDC response to climate change,
is still under discussion (Oberländer et al., 2013; Shepherd
and McLandress, 2011). The trends in the BDC may be dif-
ferent in different branches of the BDC (Lin and Fu, 2013;
Oberländer et al., 2013). Bunzel and Schmidt (2013) show
that the model configuration, i.e. the vertical resolution and
the vertical extent of the model, can also impact trends in the
BDC.
There are a number of other natural and anthropogenic fac-
tors besides the BDC which influence radiative, chemical and
dynamical processes in the TTL. One prominent candidate
for natural variability is the sun, which provides the energy
source of the climate system. The 11-year solar cycle is the
most prominent natural variation on the decadal timescale
(Gray et al., 2010). Solar variability influences the tempera-
ture directly through radiative effects and indirectly through
radiative effects on ozone and dynamical effects. The maxi-
mum response in temperature occurs in the equatorial upper
stratosphere during solar maximum conditions, and a distinct
secondary temperature maximum can be found in the equa-
torial lower stratosphere around 100 hPa (SPARC-CCMVal,
2010; Gray et al., 2010).
Sea surface temperatures (SSTs) also influence the TTL
by affecting the dynamical conditions and subsequently the
propagation of atmospheric waves and hence the circulation.
Increasing tropical SSTs can enhance the BDC, which in turn
cools the tropical lower stratosphere through enhanced up-
welling (Grise and Thompson, 2012, 2013; Oberländer et al.,
2013). The quasi-biennial oscillation (QBO) is the dominant
mode of variability throughout the equatorial stratosphere
and has important impacts on the temperature structure as
well as the distribution of chemical constituents like wa-
ter vapour, methane and ozone (Baldwin et al., 2001). Be-
side the switch between easterlies and westerlies with a pe-
riod of about 28 months, the QBO undergoes some cycle-
to-cycle variability, e.g. variations in period and amplitude
and shifts to westerlies or easterlies, which may influence the
long-term variability in the TTL (Kawatani and Hamilton,
2013). Stratospheric aerosols absorb outgoing long-wave ra-
diation and lead to additional heating in the lower strato-
sphere, which maximizes around 20 km (Solomon et al.,
2011; SPARC-CCMVal, 2010, chapter 8).
While greenhouse gases (GHGs) warm the troposphere,
they cool the stratosphere at the same time by releasing more
radiation into space. Warming of the troposphere and cooling
of the stratosphere affect the temperature in the TTL directly,
as well as indirectly, by changing chemical trace gas distri-
butions and wave activities (SPARC-CCMVal, 2010).
In climate models, a sufficient high vertical resolution is
important in order for models to correctly represent dynami-
cal processes, such as wave propagation into the stratosphere
and wave–mean flow interactions. High vertical resolution
is also important to generate a self-consistent QBO (Richter
et al., 2014). Meanwhile, vertical resolution is essential for
a proper representation of the thermal structure in the model:
e.g. models with coarse vertical resolution can not simulate
the tropopause inversion layer (a narrow band of temper-
ature inversion above the tropopause associated with a re-
gion of enhanced static stability) well (Wang et al., 2013;
SPARC-CCMVal, 2010, chapter 7). Coarse vertical resolu-
tion is also still a problem for analysing the effects of El-Niño
Southern Oscillation (ENSO) and the QBO onto the tropical
tropopause (Zhou et al., 2001; SPARC-CCMVal, 2010, chap-
ter 7).
In this study we use a series of simulations with NCAR’s
Community Earth System Model (CESM) model (Marsh
et al., 2013) to quantify the contributions of the above dis-
cussed factors – Solar, SSTs, QBO, Aerosol and GHGs – to
the recently observed variability in the TTL.
The details of the observational data, the model and nu-
merical experiments, as well as a description of our methods,
are given in Sect. 2. The observed temperature variability in
the TTL and the contributions of various factors to the recent
TTL variability are addressed in Sect. 3. Section 4 focuses
on the importance of the vertical resolution in one climate
model. The summary and discussion are presented in Sect. 5.
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Table 1. Overview of fully coupled CESM-WACCM simulations (1955–2099).
Simulations Natural forcings GHGs
Natural All natural forcings, including transit solar variability, fully Fixed GHGs
coupled ocean, prescribed volcanic aerosols and nudged QBO to 1960s state
SolarMean Like the Natural run but with fixed solar radiation Fixed
FixedSST Like the Natural run but with fixed SSTs Fixed
NOQBO Like the Natural run but without QBO nudging Fixed
RCP85 Like the Natural run RCP8.5 scenario
2 Model simulations and method description
2.1 Fully coupled CESM-WACCM simulations
The model used here is NCAR’s CESM version 1.0. CESM
is a fully coupled model system, including an interactive
ocean (POP2), land (CLM4), sea ice (CICE) and atmosphere
(CAM/WACCM) component (Marsh et al., 2013). As the at-
mospheric component we use the Whole Atmosphere Com-
munity Climate Model (WACCM), version 4. WACCM4 is a
CCM with detailed middle atmospheric chemistry and a fi-
nite volume dynamical core, extending from the surface to
about 140 km (Marsh et al., 2013). The standard version has
66 (W_L66) vertical levels, which means about 1 km verti-
cal resolution in the TTL and in the lower stratosphere. All
simulations use a horizontal resolution of 1.9◦× 2.5◦ (lati-
tude× longitude) for the atmosphere and approximately 1◦
for the ocean.
Table 1 gives an overview of all coupled CESM simula-
tions. A control run was performed from 1955 to 2099 (Natu-
ral run hereafter) with all natural forcing including spectrally
resolved solar variability (Lean et al., 2005), a fully coupled
ocean, volcanic aerosols following the SPARC (Stratospheric
Processes and their Role in Climate) CCMVal (Chemistry–
Climate Model Validation) REF-B2 scenario recommenda-
tions (see details in SPARC-CCMVal, 2010) and a nudged
QBO. The QBO is nudged by relaxing the modelled tropi-
cal zonal winds to observations between 22◦ S and N, using
a Gaussian weighting function with a half width of 10◦ de-
caying latitudinally from the equator. Full vertical relaxation
extends from 86 to 4 hPa, which is half the strength of the
level below and above this range and 0 for all other levels
(see details in Matthes et al., 2010; Hansen et al., 2013). The
QBO forcing time series in CESM is determined from the
observed climatology of 1953–2004 via filtered spectral de-
composition of that climatology. This gives a set of Fourier
coefficients that can be expanded for any day and year in the
past and the future. Anthropogenic forcings like GHGs and
ozone-depleting substances (ODSs) are set to constant 1960s
conditions. Using the Natural run as a reference, a series
of four sensitivity experiments were performed by system-
atically switching on or off several factors. The SolarMean
run uses constant solar cycle values averaged over the past
four observed solar cycles. The FixedSST run uses monthly
varying climatological SSTs calculated from the Natural run
and therefore neglects variability from varying SSTs such
as ENSO. In the NOQBO run the QBO nudging has been
switched off which means weak zonal mean easterly winds
develop in the tropical stratosphere. An additional simula-
tion, RCP85, uses the same forcings as the Natural run but
in addition includes increases in anthropogenic GHGs and
ODSs forcings. These forcings are based on observations
from 1955 to 2005, after which they follow the representa-
tive concentration pathways (RCPs) RCP8.5 scenario (Mein-
shausen et al., 2011).
2.2 WACCM atmospheric stand-alone simulations
Instead of using the fully coupled CESM-WACCM version,
WACCM can be integrated in an atmospheric stand-alone
configuration with prescribed SSTs and sea ice. Beside the
standard version with 66 vertical levels (W_L66), we have
also performed simulations with a finer vertical resolution,
with 103 vertical levels and about 300 m vertical resolution
in the TTL and lower stratosphere (W_L103) (Gettelman and
Birner, 2007; Wang et al., 2013).
With the atmospheric stand-alone version, an ensemble
of three experiments was performed over the recent decade
2001–2010 with both WACCM versions (W_L66, W_L103)
(see Table 2). Observed SSTs and spectrally resolved so-
lar fluxes were used to produce the most realistic simula-
tions of atmospheric variability over the past decade (2001–
2010). The QBO is nudged using the same method as in the
fully coupled runs discussed above. GHGs and ODSs are
based on observations for the first 5 years (2001–2005) and
then follow the IPCC RCP4.5 scenario for the next 5 years
(2005–2010), since no observational data were available
when the simulations were started. Atmospheric aerosols
were relatively constant between 2001 and 2010 since no
strong volcanic eruptions occurred and are the same as in
the CESM-WACCM runs described above. All the forcings
considered in this study are available from the CESM model
input data repository (https://svn-ccsm-inputdata.cgd.ucar.
edu/trunk/inputdata/). An additional run (W_Aerosol) was
performed using the W_L103 version with more realistic
observed stratospheric aerosol forcing from the Chemistry-
Climate Model Initiative (CCMI, http://www.met.reading.ac.
uk/ccmi/).
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Table 2. Overview of WACCM atmospheric stand-alone simulations (2001–2010).
Simulations Number of Vertical Forcings Stratospheric aerosols
simulations levels
W_L103 3 103 Observed solar variability and SSTs, Volcanic aerosols from CCMVal-2
nudged QBO, GHGs in RCP4.5 scenario
W_L66 3 66 As W_L103 As W_L103
W_Aerosol 1 103 As W_L103 Stratospheric aerosols from CCMI
2.3 Estimation of factor contributions
For a pair of reference and single-factor runs (e.g. Natural
and SolarMean), all configuration and drivers are the same
except for the long-term variability of the respective factor
(e.g. Solar). Temperature differences Tdiff(x, t) between the
reference and single-factor runs (e.g. Natural – SolarMean)
can be estimated by a linear regression:
Test(x, t)= c(x)X(t), (1)
where Test(x, t) is an estimate of Tdiff(x, t) at each grid point
(x) and each simulation time (t). X(t) is the time series of
the respective factor (e.g. Solar) and c(x) are the coefficients
of that factor at each grid point.
Then the contributions of that factor to the recent warming
in the TTL can be estimated as
Tfac(x)= c(x)bfac, (2)
where Tfac(x) represents the factor contribution to the recent
temperature trend, c(x) are the coefficients and bfac is the ob-
served linear trend of that factor during 2001–2011 (Fig. 1).
The standard error (SE) can be used to estimate the un-
certainty of the regressed coefficients c(x), which is defined
by
(SE)2 =
∑n
t=1e2t
(neff− 2)∑nt=1(Xt −X)2 , (3)
where n is the sample size, e = Tdiff− Test are the residu-
als and X is the mean value. neff is the effective number of
degrees of freedom, with consideration of the effect of auto-
correlation, which is determined by
neff = n1− ra1+ ra , (4)
where ra is the lag-1 autocorrelation coefficient (Wigley,
2006).
For the estimated coefficients c, the test statistics
t_test= c
SE
(5)
has the Student’s t distribution with neff− 2 degrees of free-
dom.
Beside the regressions described above, the Pearson’s cor-
relations (r) between temperature differences (Tdiff) and the
respective factor (X) were also estimated. The test statistics
t_test= r
√
neff− 2
1− r2 (6)
has the Student’s t distribution with neff− 2 degrees of free-
dom, and the effective number of degrees of freedom can be
estimated by
1
neff
= 1
n
+ 2
n
ra1ra2, (7)
where ra1, ra2 are the lag-1 autocorrelation coefficients of the
two time series in calculating the Pearson’s correlation re-
spectively.
Such regressions, correlations and 11-year trend estima-
tions were applied to all factors, i.e. Solar, SSTs, QBO,
GHGs and stratospheric aerosols.
Special attention is given to the region 20◦ S–20◦ N lat-
itude and 16–21 km height, which is mainly the observed
warming area in the TTL (see below). Hereafter, we use the
average trend over this area to discuss the exact contribution
of every factor to the temperature trend in the TTL.
2.4 Forcings in observations and model simulations
Figure 1 shows the time series of both natural and anthro-
pogenic forcings over past and future decades in observations
(black) and model experiments (blue). Observed linear trends
during 2001–2011 are highlighted with straight lines.
Observations of the solar variability show that the total so-
lar irradiance (TSI) exhibits a clear 11-year solar cycle varia-
tion of about 1 Wm−2 between sunspot minimum (Smin) and
sunspot maximum (Smax) in the past (Gray et al., 2010). The
future projection in the Natural run is a repetition of the last
four observed solar cycles (Fig. 1a, blue line). With a de-
layed and smaller amplitude return to maximum conditions,
the observed TSI significantly (over 95 %) decreased during
2001–2011 (Fig. 1a, straight black line).
Figure 1b shows the variability of tropical (20◦ S–20◦ N)
SSTs for the last 5 decades from observations (Hadley Center
Updates and supplementary information available from http:
//www.metoffice.gov.uk/hadobs/hadisst, black lines) and up
to 2099 from the Natural coupled CESM-WACCM model ex-
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Figure 1. Time series of forcing data sets used for the simulations
from 1955 through 2099. (a) TSI from observations (black), Natural
(solid blue) and SolarMean (dashed blue) runs. (b) SST anomalies
from HadISSTs (black), Natural (solid blue) and FixedSST (dashed
blue) runs. (c) QBO2 (see text for details) from observations (black)
and Natural (solid blue) run. (d) Global surface CO2 concentration
from observations (black, overlapped with the blue line), RCP85
(solid blue) and Natural (dashed blue) runs. (e) AOD (532 nm, 18–
32 km) from the CCMI (black) and the CCMVal2 (blue) projects for
the time 2001–2010. The black solid straight lines in each subfigure
are the linear fits of the respective forcing during 2001–2011.
periment (blue line). Both the observed and simulated tropi-
cal SSTs show a statistically significant (over 95 %) decrease
from 2001 to 2011. Note that there is a strong drop in SSTs
around 1992 in the model, which does not occur in observa-
tions. This might be caused by an overestimated response to
the Pinatubo eruption in the CESM-WACCM model (Marsh
et al., 2013; Meehl et al., 2012).
The QBO variations are represented by a pair of or-
thogonal time series QBO1 and QBO2, which are con-
structed from the equatorial zonal winds over 70–10 hPa
(Randel et al., 2009). The observed QBO2 (data from
the FU Berlin: http://www.geo.fu-berlin.de/en/met/ag/strat/
produkte/qbo/index.html), which is the dominate mode of
QBO in the tropical lower stratosphere, shows an increase (a
shift towards westerlies or stronger westerlies) during 2001–
2011 (Fig. 1c, straight black line). Note that this short-term
linear trend of the QBO2 is sensitive to the start and end-
ing years. However, a further analysis for 2001–2012 ending
with a relative minimum of QBO2 confirms this significant
increase of QBO2 (not shown).
As shown in Fig. 1d, GHGs show a steady increase after
2001. The increasing rate of global CO2 release from 2001
to 2011 is close to the RCP8.5 scenario.
Similar to the GHGs, observed stratospheric aerosols
(aerosol optical depth, AOD) have been steadily increasing
since 2001 (Solomon et al., 2011) in the lower stratosphere
(18–32 km) (Fig. 1e). This increase in stratospheric aerosol
loading is attributed to a number of small volcanic eruptions
and anthropogenically released aerosols transported into the
stratosphere during the Asian Monsoon (Bourassa et al.,
2012; Neely et al., 2013). An aerosol data set has been con-
structed for the CCMI project (ftp://iacftp.ethz.ch/pub_read/
luo/ccmi/) and is similar to the data described by Solomon
et al. (2011). The comparison of the two experiments with
different AOD data sets will shed light on the stratospheric
aerosol contribution to the observed temperature trend.
All natural and anthropogenic forcings will be discussed
with respect to their contribution to the temperature variabil-
ity in TTL in the following section.
3 Quantification of observed temperature variability
3.1 Observed temperature variability in the TTL
Figure 2 shows the latitude–height section of the linear tem-
perature trends for the period 2001–2011 estimated from
GPS-RO observations (see details of the GPS-RO data in
Wang et al., 2013). A remarkable and statistically signif-
icant warming occurs around the TTL between about 20◦
south to north and from 16 to 21 km height. The warming
in the TTL is 0.9 Kdecade−1 on average, with a maximum
of about 1.8 Kdecade−1 directly at the tropical tropopause
around 17 to 18 km. This figure is an extension of earlier
work by Schmidt et al. (2010) and Wang et al. (2013) and
shows an unexpected warming, despite the steady increase in
GHGs. Therefore it is interesting to study whether this warm-
ing is simply a phenomenon of the past decade and the result
of internal atmospheric variability, or whether it will persist
for longer and therefore modify trace gas transport from the
troposphere into the stratosphere.
Note that this decadal warming in the TTL may vary
in magnitude when different end years are selected due to
the relative short length of the time series. The warming is
weaker if end years of 2012 or 2013 are chosen (see also
Figs. S1 and S2 in the Supplement). In the following in-
vestigations, we keep the period from 2001 through 2011
to be most consistent with our stand-alone WACCM simula-
tions (2001–2010). We will explain the temperature variabil-
ity within a time period of about one decade. This decadal
variability may change sign from decade to decade if it is
mainly caused by natural/internal variability. However, it is
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Figure 2. Latitude–height section of linear temperature trends over
the past decade (2001–2011) from GPS-RO data over a height range
from 10 to 25 km and 35◦ S to 35◦ N latitude; contour interval is
0.2 Kdecade−1. Grey shading represents the statistical significance
for the trends.
still very important to understand the reasons and mecha-
nisms behind these internal variability modes as it might
eventually enhance our decadal to multi-decadal predictive
skills.
3.2 Contribution of solar variability
Figure 3a and b show the correlation between temperature
differences (Natural – SolarMean) with solar forcing (TSI) in
the Natural run over the whole simulation period from 1955
through 2099, as well as the estimated temperature trends
during 2001 through 2011 related to a decreasing TSI. The
correlation between temperature differences and TSI is rela-
tively weak, amounts to less than 0.1 in the TTL region and is
a little higher and more significant in the lower stratosphere.
With such a weak positive correlation, the decreasing solar
irradiance contributed to a cooling of about 0.2 K decade−1
in the TTL during 2001–2011.
3.3 Contribution of tropical SSTs
Figure 4 shows the correlation between temperature differ-
ences (Natural – FixedSST) with tropical (20◦S–20◦N) SSTs
from the Natural run over the whole simulation period from
1955 through 2099, as well as the estimated temperature
trends from 2001 through 2011 due to decreasing tropical
SSTs. Temperature differences are closely correlated with
tropical SSTs, which show strong positive correlations (up
to 0.8) below and significant negative correlations (over 0.5)
above the tropopause in the tropics. The strong correlation
between tropical SSTs and atmospheric temperatures indi-
cates that tropical SSTs have important impacts on the TTL
temperature. A decrease in tropical SSTs contributes there-
fore to a statistically significant warming of 0.3 K decade−1
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Figure 3. (a) Latitude–height sections of correlations between tem-
perature differences (Natural – SolarMean) and solar TSI in the
Natural run over the whole period (1955–2099); contour interval
is 0.1; grey shading represents statistically significant correlations,
with Student’s t test. (b) The regressed contributions of solar TSI
to the TTL temperature trends during 2001–2011 (Eq. 2); contour
interval is 0.1 Kdecade−1; grey shading represents statistically sig-
nificant regressions. See text for details on the calculation of the
regressed trend and the testing of the statistical significance. The
decadal temperature trend in the title is the mean value from the
dashed box.
(a) Tdiff & SST Correlation (1955-2099)
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(b) Tfac SST (2001-2011) [ 0.3 K/10a]
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Figure 4. Same as Fig. 3 but for the impact of tropical SSTs by
comparing the Natural and FixedSST runs. Contour interval is (a)
0.1 and (b) 0.2 Kdecade−1.
on average (0.6 Kdecade−1 in maximum) in the TTL during
2001–2011 (Fig. 4c).
3.4 Contribution of the QBO
As described in Sect. 2.5, a pair of orthogonal time series of
the QBO are used in the regression between temperature dif-
ferences (Natural – NOQBO) and the QBO from the Natural
run. Since the QBO1 mainly affects temperature in the mid-
dle and upper stratosphere, only the QBO2 correlation and
impacts are shown in Fig. 5. QBO2 features a strong positive
correlation in the TTL region, which amounts up to 0.6. An
observed increase of QBO2 during 2001–2011, which means
stronger westerlies, therefore contributes to a 0.2 K decade−1
warming on average (0.4 K decade−1 in maximum) in the
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(a) Tdiff & QBO Correlation (1955-2099)
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(b) Tfac QBO (2001-2011) [ 0.2 K/10a]
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Figure 5. Same as Fig. 3 but for the impact of the QBO2 (see text
for details) by comparing the Natural and the NOQBO experiments;
contour interval is (a) 0.2 and (b) 0.2 K decade−1.
TTL. Another effect of the QBO is the statistically signif-
icant cooling trend seen in the tropical middle stratosphere
above 23 km. This QBO effect may help to explain the ob-
served tropical cooling (see Fig. 2). However, CESM1.0 used
for these simulations cannot generate a self-consistent QBO
and hence uses wind nudging, which might cause problems
when estimating QBO effects on temperature variability in
the tropical lower stratosphere (Marsh et al., 2013; Morgen-
stern et al., 2010).
3.5 Contribution of GHGs
As expected, GHGs show strong positive correlations with
temperatures in the troposphere and significant negative cor-
relations with temperatures in the stratosphere, with a switch
of sign near the tropopause (about 18 km, Fig. 6a). Increasing
GHGs in the RCP85 experiment tend to cool the lower strato-
sphere and warm the upper troposphere, but have no evident
contribution around the tropopause (with a change of corre-
lation sign at about 18 km, Fig. 6b). This is consistence with
previous studies (e.g. Kim et al., 2013), which confirmed a
warming at 100 hPa (below the tropopause) and a cooling at
70 hPa (above the tropopause) due to the increase of GHGs
in CMIP5 (Coupled Model Intercomparison Project Phase 5)
simulations.
3.6 Contribution of stratospheric aerosols
The correlations between temperature differences
(W_Aerosol – W_L103) with CCMI stratospheric aerosols,
as well as the contributions of increasing stratospheric
aerosols to the recent warming in the TTL are shown in
Fig. 7a and b respectively. Weak but partly significant
correlations of stratospheric aerosols to temperature in the
TTL can be found in Fig. 7a, with a change of correlation
sign below the tropopause (about 15 km) and up to 0.2 in
the lower stratosphere. The effect of increasing stratospheric
aerosols during 2001–2011 is estimated to be 0.2 K decade−1
(a) Tdiff & GHG Correlation (1955-2099)
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(b) Tfac GHG (2001-2011) [ 0.0 K/10a]
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Figure 6. Same as Fig. 3 but for the impact of anthropogenic forc-
ings (GHGs) by comparing the Natural and RCP85 experiments;
contour interval is (a) 0.2 and (b) 0.1 Kdecade−1.
(a) TDiff & Aerosol Correlation (2001-2010)
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(b) Tfac Aeorosol (2001-2010) [ 0.2 K/10a]
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Figure 7. Same as Fig. 3 but for the impact of stratospheric aerosols
by comparing the W_L103 and the W_Aerosol experiments. Con-
tour interval is (a) 0.1 and (b) 0.1 Kdecade−1. The temperatures in
the W_L103 run were calculated from a three member ensemble
mean.
warming in the TTL (Fig. 7b). Note that there may exist
uncertainties for this result since we have only 10 years of
simulations for the W_Aerosol run.
4 Effects of the vertical resolution
To estimate not only anthropogenic and natural contributions
to the recent TTL temperature variability but also the effects
of the vertical resolution in the model, Fig. 8 shows the tem-
perature trends in both the standard (W_L66) and the high
vertical resolution (W_L103) runs, as well as their differ-
ences. The W_L103 run (Fig. 8b) shows a statistically sig-
nificant 0.5 Kdecade−1 warming on average over the past
decade around the TTL, which maximizes at 1.2 Kdecade−1.
The standard W_L66 run (Fig. 8a) does not capture the
warming. The only difference between the two experiments
is the vertical resolution, meaning that a higher vertical res-
olution captures the warming in the TTL better than the
standard vertical resolution, reaching up to 0.8 Kdecade−1
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(b) T W_L103 [ 0.5 K/10a]
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(c) T W_L103-W_L66 [ 0.8 K/10a]
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Figure 8. (a, b) Latitude–height sections of temperature trends
over 2001–2010 from the W_L103 and W_L66 experiments respec-
tively. (c) The differences between (a) and (b). Contour interval is
0.2 Kdecade−1 and grey shading represents statistically significant
trends. The temperature trends in the W_L103 and W_L66 runs are
calculated by multiple linear regression for each three simulations.
(Fig. 8c). Wang et al. (2013) showed that the tropical up-
welling in the lower stratosphere has weakened over the past
decade in the W_L103 run, while there is no significant up-
welling trend in the standard vertical resolution (W_L66)
run. The decreasing tropical upwelling in the W_L103 run
might be the reason for the extra warming in the TTL com-
pared to the W_L66 run, since dynamical changes would lead
to adiabatic warming. More detailed investigations will be
given in the following section.
4.1 Changes in the Brewer–Dobson circulation
To investigate dynamical differences between the two exper-
iments with standard and higher vertical resolution in more
detail, the transformed Eulerian mean diagnostic (Andrews
et al., 1987) was applied to investigate differences in the
wave propagation and BDC in the climatological mean as
well as in the decadal trend.
Figure 9 shows the annual mean climatology of the BDC
(arrows for the meridional and vertical wind components),
the zonal mean zonal wind (blue contour lines) and the tem-
perature (filled colours) from the W_L103 run (Fig. 9a), as
well as the differences between the W_L103 and the W_L66
runs (Fig. 9c). The BDC shows an upwelling in the trop-
ics and a downwelling through middle to high latitudes in
the annual mean. With finer vertical resolution (W_L103)
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Figure 9. (a) Annual mean climatological zonal mean zonal wind
(contours; contour interval is 10 ms−1; dashed lines indicate east-
erly winds), BDC vector (arrows, scaled with the square root of
pressure) and temperature (colour shadings) for the W_L103 exper-
iment from 8 to 25 km and 35◦ S through 35◦ N. (c) Differences of
the zonal mean zonal wind (contour interval 1.0 ms−1), BDC vec-
tor and temperature (colour shadings indicate 95 % statistical sig-
nificance) between the W_L103 and the W_L66 experiments. (b)
and (d) are the same as (a) and (c) but for the linear trends from
2001 to 2010. The shadings in (b) and (d) indicate 95 % statistical
significance. The contour intervals are 2 and 1 ms−1 in (c) and (d)
respectively.
the model produces a stronger upwelling in the tropics (and
a consistent cooling) up to the tropopause region, with west-
erly wind anomalies above. This strengthened tropical up-
welling cannot continue further up because of the westerly
wind anomalies which block the transport into the subtropics
(Simpson et al., 2009; Flannaghan and Fueglistaler, 2013).
Above the tropical tropopause there is less upwelling and in
particular more transport from the subtropics into the trop-
ical TTL, leading to a stronger warming around 19 km in
the W_L103 experiment. These changes in the BDC indicate
a strengthening of its lower branch and a weakening at up-
per levels in the lower stratosphere (Lin and Fu, 2013). This
is consistent with a previous work by Bunzel and Schmidt
(2013) which indicates a weaker upward mass flux around
70 hPa in a model experiment with higher vertical resolution.
The annual mean trends in the W_L103 experiment indi-
cate a further strengthening of the BDC lower branch over
the past decade in this simulation (Fig. 9b) and a statistically
significant weakening in the lower stratosphere resulting in
significant warming of 1 to 2 Kdecade−1 in the TTL. In par-
ticular the trends in the TTL are stronger in the W_L103
compared to the W_L66 experiment (Fig. 9d).
In summary, the finer vertical resolution can enhance the
upward wave propagation from the tropics. This enhanced
wave propagation speeds up the lower branch of the BDC
in the upper troposphere and slows down the upper branch
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Table 3. Summary of contributions from the varying factors to the observed TTL warming between 2001 and 2011, in the region 20◦ S–20◦ N
latitude and 16–20 km.
Factors Solar SSTs QBO GHGs Aerosols Total
Contribution (K decade−1) −0.2 0.3 0.2 0.0 0.2 0.5
Observation 0.9
Vertical resolution 0.8
of the BDC in the lower stratosphere. These changes in the
BDC and corresponding wave–mean flow interactions (not
shown) finally result in the statistically significant warming
in the TTL.
Bunzel and Schmidt (2013) attributed the differences in
the BDC to different vertical resolutions which tend to re-
duce the numerical diffusion through the tropopause and the
secondary meridional circulation. Our results show that the
strong warming and subsequent enhanced static stability (not
shown) above the tropopause may also influence wave dissi-
pation and propagation around the tropopause. Oberländer
et al. (2013) point out that an increase of tropical SSTs en-
hances the BDC. This is consistent with our results, which
show a weakening of the BDC in the lower stratosphere fol-
lowing a decrease in tropical SSTs. At the same time, this
response of the stratosphere to the surface can be better rep-
resented by a model with finer vertical resolution.
5 Summary and discussion
Based on a series of sensitivity simulations with NCAR’s
CESM-WACCM model, the relationships between differ-
ent natural (solar, QBO, tropical SSTs) and anthropogenic
(GHGs, ODS) factors and temperatures around TTL, as well
as their contributions to the observed warming of the TTL
over the past decade from 2001 through 2011, have been
studied. By regressing the temperature differences between
model experiments to the respective factors for the whole
simulation periods between 1955 and 2099 and projecting
the regressed coefficients onto the observed trends of the re-
spective factor during 2001–2011, the contribution of each
factor has been quantified in order to explain the causes of
the observed recent decadal variability seen in GPS-RO data.
The SSTs show strong significant negative correlation
(−0.5) with temperatures in the TTL, while the QBO2 shows
a reversed pattern (0.6). The TSI and stratospheric aerosols
result in weak positive correlations (0.1–0.2) with TTL tem-
peratures. GHGs show positive correlations with tempera-
tures in the troposphere and negative correlations with tem-
peratures in the stratosphere, while there is no significant cor-
relation around the tropopause.
A decrease in tropical SSTs, an increase in stratospheric
aerosol loading and stronger QBO westerlies contribute each
about 0.3, 0.2 and 0.2 K decade−1 to this warming respec-
tively, resulting in a total 0.7 K decade−1 warming, while the
delay and smaller amplitude of the current solar maximum
contribute about 0.2 Kdecade−1 to cooling. Adding all natu-
ral and anthropogenic factors, we estimate a total modelled
warming of 0.5 Kdecade−1 around the TTL (Table 3), which
is less than the observed 0.9 Kdecade−1 warming from GPS-
RO data. One possible reason of this weak estimate is the
relative low vertical resolution of the model, which strongly
influences the TTL response to the surface mainly via dy-
namical changes, i.e. an enhancement of the lower branch of
the BDC and a decrease of the upper branch in the lower
stratosphere in response to decreasing tropical SSTs. This
leads to a 0.8 Kdecade−1 extra warming in the TTL in the
finer vertical resolution experiment as compared to the stan-
dard vertical resolution. However, in reality non-linear inter-
actions between the different factors occur which we did not
take into account in our first-order linear approach. The com-
prehensive impact of all factors on the recent TTL warming
can be estimated by the W_Aerosol run. The W_Aerosol run,
with almost all observed forcings considered in this study,
can be seen as the most realistic simulation. The TTL warm-
ing in the W_Aerosol run is on average 0.9 K decade−1 and
maximum 1.6 Kdecade−1 (Fig. 7b), both of which are very
close to the observed trend.
According to our experiments, one of the primary factors
contributing to the recent warming in the TTL is the natu-
ral variability in tropical SSTs. However, the mechanism of
the TTL response to SSTs awaits further investigation. One
key issue is how much improvement we can expect from
using a fully coupled ocean–atmosphere model instead of
atmosphere-only model with prescribed SSTs. Our W_L66
and W_L103 simulations indicate that the atmosphere-only
model may not correctly reproduce the response of TTL vari-
ability to SST, but can be improved with finer vertical reso-
lution.
Another important factor in contributing to the recent
warming in the TTL is the QBO. The QBO is closely related
to the tropical upwelling Flury et al. (2013). A regression of
temperature differences onto the differences in the vertical
component of BDC between the Natural and NOQBO run
shows a very similar result than the regression of tempera-
ture differences onto the QBO time series (not shown). The
QBO may influence the TTL temperature by modifying the
BDC.
Figure S3 clearly shows decadal to multidecadal fluc-
tuations in TTL temperatures from both the Modern
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Era Retrospective-analysis for Research and Applications
(MERRA) reanalysis data and our Natural and RCP85 runs,
which provide strong support to the internal variability dom-
inated TTL warming over the past decade.
The external forcings (solar, GHGs, ODS) contribute rel-
atively little to the temperature variability in the TTL, ex-
cept for the stratospheric aerosols. Internal variability, i.e. the
QBO and tropical SSTs, seem to be mainly responsible for
the recent TTL warming.
The Supplement related to this article is available online
at doi:10.5194/acp-15-5815-2015-supplement.
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Figure S1: Deseasonalized time series of temperature anomalies from observations (GPS-
RO data), averaged between 20
◦
S and 20
◦
N latitude and between 16 and 21
km height. This figure shows large interannual temperature fluctuations.
From this time series alone, the future development of temperatures in the
TTL is not clear (see also Fig. S3 for a longer time series. Vertical lines
indicate different end dates for the trend estimates in Fig. S2.
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Figure S2: Same as in Fig. 2, but with different ending dates: (a) 31 December 2012;
(b) 31 December 2013 and (c) 31 March 2014 (most recent data available).
The trend calculations are sensitive to the ending date of the time series.
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Figure S3: Deseasonalized time series of temperature anomalies from the Natural and
RCP85 runs as well as the MERRA reanalysis data, averaged between 20
◦
S
and 20
◦
N in latitude and between 100 and 70 hPa. Also over a longer time
period than shown in Fig. S1, the TTL temperatures show large interannual
variability from both model simulations and reanalysis data. The long-term
temperature time series from the model simulations show a clear decadal to
multidecadel signal.
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Chapter 4
Multidecadal variability of tropical
tropopause temperature and its relation
to the Pacific Decadal Oscillation
4.1 Introduction
As described in Chapter 1, the TTL has important impacts on both the stratosphere and
the surface climate. Fundamental understanding of long-term variability and trends of
tropopause temperatures and its links to tropospheric and stratospheric circulation is still
lacking (Fueglistaler et al., 2009; Randel and Wu, 2015). So far a long-term cooling in
the lower stratosphere has been reported from the 1970s to 2000s, although there are large
differences between different data sets (Fueglistaler et al., 2013; Randel et al., 2009; Wang
et al., 2012). The recent TTL warming as shown in Chapter 2 is different from historical
trends and might indicate a climate change signal, with possible important impacts on
stratospheric climate, e.g., tropical tropopause temperatures dominate the amount of water
vapour entering the stratosphere (Dessler et al., 2014, 2013; Gettelman et al., 2009; Randel
and Jensen, 2013; Solomon et al., 2010). From Chapter 3, this recent warming in the TTL is
likely due to internal variability (Wang et al., 2015a) such as SST variations. Which processes
dominate this multidecadal internal variability, and how important are they in estimating the
long-term trend of TPTs are still not clear. In this chapter, the multidecadal variability of
TPTs, as well as the controlling processes and possible physical mechanisms are investigated.
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4.2 Data and methods
4.2.1 MERRA tropopause temperature
The MERRA tropopause data are downloaded from the single-level diagnostics products
(http://disc.sci.gsfc.nasa.gov/mdisc/data-holdings/merra/merra_products_nonjs.shtml). Fig.
4.1 shows the very good agreement between MERRA and GPS-RO data for the time period
2001-2014. The tropopause temperatures are based on the lapse rate tropopause, following
the World Meteorological Organization (WMO) definition (WMO, 1957). GPS-RO data
described above are not assimilated into MERRA reanalysis.
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Fig. 4.1 Deseasonalized anomalies of tropical tropopause temperatures from GPS-RO (blue)
and MERRA (red) data, from June 2001 through March 2014. The straight lines are linear
trends, which are 95% statistically significant. Note that MERRA data do not assimilate
GPS-RO data, whereas ERA-interim does.
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4.2.2 Model and simulations
The CESM Natural and SolarMean runs, which cover the period from 1955 to 2099 as listed
in Chapter 3, are analyzed in this chapter. The Natural run employs all natural forcing agents
including spectrally resolved solar variability, a fully interactive ocean, volcanic aerosols and
a nudged QBO, while the SolarMean run uses constant solar irradiance values averaged over
the past 4 observed solar cycles. An overview of all CESM simulations and details of all
external forcings can be found in Chapter 3. The tropopause temperature is a direct output of
the model, using a standard WMO definition (WMO, 1957).
4.2.3 Maximum Covariance Analysis (MCA)
The MCA is useful for exploring relationships between two time varying fields, although
physical interpretations of the MCA modes require additional physical knowledge (Wilks,
2011). The MCA between tropical (30°S-30°N) SSTs and TPTs is achieved by singular value
decomposition of the temporal covariance matrix, using equal area weighting (square root of
cosine of latitude). The pairs of singular vectors describe the spatial patterns of each field.
The Principal Components (PCs) of SST and TPT (Fig. 4.5) are obtained by projections
of SST and TPT fields on these spatial patterns correspondingly, and the global patterns
shown in Figs. 4.3 a-b are regressions of SST and TPT anomalies on the first pair of TPT
and SST PCs, respectively. Please note that, the data are low-pass filtered (15 years), since
we focus on decadal variability, and influences from volcanic aerosols are removed by linear
regression before applying the MCA. Without a low-pass filter, the PDO is the third mode,
while the first mode is the ENSO and the second mode is the QBO.
4.2.4 Regression of recent TPT trends on PDO
A linear regression (see an instruction in Chapter 3) is used to estimate the link of the TPT
to the PDO. By regressing TPT time series from MERRA on the observed PDO index (Fig.
4.4), coefficients at each longitude and latitude are obtained. During 2001-2014, a decreasing
PDO index is seen in the HadISST data (Fig. 4.4). The regression coefficients times the
linear trend of the PDO, then yields the corresponding contribution of the PDO to the TPT
trends during 2001-2014 (Fig. 4.3f).
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4.3 Analyses and results
4.3.1 Multidecadal variability of the tropical tropopause temperature
Deseasonalized tropical tropopause temperature anomalies during 1979-2014 from MERRA
reanalysis data (orange line in Fig. 4.2a) exhibit strong interannual variability, which
is primarily related to the El-Niño Southern Oscillation (ENSO) and the Quasi-Biennial
Oscillation (QBO) (Randel and Wu, 2015; Wang et al., 2013). Multidecadal variability is also
prominent, with gradual cooling between 1979 and 2000 and an opposite trend thereafter.
While greenhouse gases (GHGs) have been increasing monotonically during the whole period,
the lack of a sustained long-term trend and the existence of multidecadal variability suggests
that tropical tropopause temperatures are strongly influenced by internal climate variability.
However, since the reliable observational data sets are very short, and an accurate statistical
assessment of natural variability is very difficult, long simulations with a state-of-the-art
model were additionally analyzed.
Also shown in Fig. 4.2a is a simulation (grey line) with the CESM-WACCM model.
This model captures the variability of the Upper Troposphere-Lower Stratosphere (UTLS)
temperatures reasonably well (Gettelman et al., 2010). The model was integrated in fully
coupled mode for 145 years (1955-2099), i.e. with an interactive ocean and interactive
atmospheric chemistry. It was driven with natural external forcing (solar irradiance and
volcanic aerosols) only, and additionally employed a nudged QBO. GHG concentrations
were kept constant at 1960 values throughout the integration. This experiment will be named
"Natural" hereafter (see Methods and Table 4.1). The model nicely captures the interannual
and decadal variations of tropical tropopause temperatures seen in MERRA and GPS-RO
data (Fig. 4.2a and Fig. 4.1).
4.3.2 Connections to Sea Surface Temperatures (SSTs)
MCA between SST and TPT anomalies simulated in the CESM-WACCM Natural run was
performed to understand possible relations (see details in Methods). Figs. 4.3a and 4.3b
show the regressed patterns of SST and TPT anomalies on the corresponding time series of
the first MCA mode (Fig. 4.5). The SST anomalies are reminiscent of a negative PDO phase,
with cold SST anomalies in the tropical Pacific and warm SST anomalies in the North Pacific.
In fact, the pattern correlation with the PDO derived from observed SSTs amounts to 0.81
(the PDO pattern can be obtained by an Empirical Orthogonal Function (EOF) analysis of
SST anomalies in the North Pacific (20°N-70°N, as suggested by Deser et al. (2010)), see
Fig. 4.4). This PDO-like pattern is accompanied with tropopause warming over the tropical
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Fig. 4.2 Deseasonalized anomalies of tropical (20°S-20°N) tropopause temperatures from
the MERRA data (orange) and the CESM Natural simulation (grey). a, Recent decades
(1979-2014). The orange straight lines are the linear trends of MERRA data over the period
1979-2000 and 2001-2014. b, Long-term (1955-2099) variations. The thick black line is
low-pass filtered (15 years) data of the CESM Natural run. Influences from volcanic aerosols
have been removed by a linear regression.
and subtropical east and central Pacific and tropopause cooling in the midlatitudes of both
hemispheres in CESM-WACCM.
The PDO pattern, which is obtained using the same method as suggested by Deser et al.
(2010), from the observed SSTs (Hadley Centre SST, HadISST (Rayner et al., 2003)) can
be seen in Fig. 4.4. Also shown in Fig. 4.4 is the PDO index, which is the first PC of the
corresponding EOF analysis. As addressed by previous studies (Deser et al., 2010, and
references therein), the PDO index shows prominent multidecadal variability. Recently, since
the late 1970s, positive PDO-phases dominated until the end of the 20th century (around
1998), whereas the PDO turned into its negative phase afterwards (see Fig. 4.4).
Fig. 4.5 shows the corresponding time series of the first pair of PCs from the MCA
analysis. Both of the PCs show prominent multidecadal variations. As expected by a MCA
analysis, this pair of PCs are closely related to each other, with a correlation of 0.9. At the
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Fig. 4.3 (top) Regression of global SST and TPT anomalies on the first MCA-PCs (details in
Methods). a, SSTs. The percentage (%) is the amount of the first MCA mode that accounts
for the squared covariance between SSTs and TPTs, the number on the right-hand side is
the pattern correlation between the MCA-PC regressed SSTs with the observed PDO pattern
(Fig. 4.4). b, TPTs. (middle) Differences between 1999-2014 and 1979-1998 in SSTs from
the HadISST data (c) and TPTs from MERRA data (d). (bottom) e, Spatial distribution of
linear trends (2001-2014) in SSTs from the HadISST data. f, Regressed MERRA TPT trends
during 2001-2014 (details in Methods) on the observed PDO index (Fig. 4.4b). Stippling
indicates the 95% significance level.
same time, both of them are closely linked to the PDO index in the Natural run (Fig. 4.6).
The close relationship between the pair of PCs as well as between each of them and the
simulated ENSO and PDO index indicate that, SSTs and TPTs are closely related to each
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Fig. 4.4 PDO pattern and time series based on an EOF analysis of observed SST anomalies
(HadISST), with the global mean removed from 1900 to 2014 between 20°-70°N, and
110°E-100°W region of the North Pacific, which explains 27% of the variance. The principal
component time series, given below in normalized units, is regressed on global SST anomalies
to provide the map in the top panel. The red and blue colours in the lower part depict the
positive and negative PDO-phases. The black curve provides the low-pass (15 years) filtered
time series.
other. In particular, the close correlation between both TPT and SST PCs and the simulated
index indicate an important role of PDO in the connection between SSTs and TPTs.
The regressed SST anomalies from an EOF analysis, using the same method as suggested
by Deser et al. (2010) for observations, are applied to simulated SSTs from the Natural run.
As shown in Fig. 4.6a, the CESM model captures the PDO pattern relatively well, with a
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Fig. 4.5 The first pair of PCs from the MCA analysis between tropical (30°S-30°N) tropopause
temperatures (top) and SSTs (bottom). Left side numbers show the correlation between the
MCA PCs and the PDO time series as shown in Fig. 4.6b. The right side number in the
bottom panel indicates the correlation between a and b.
pattern correlation of 0.72 with the observed PDO pattern (Fig. 4.4). Also shown in Fig. 4.6b
is the corresponding EOF PC for the regressed SST pattern as shown in Fig. 4.6a. Again,
multidecadal variability can be seen evidently from the time series. This provides confidence
for our models simulations in analyzing the relationship between SSTs and TPTs as shown
in Fig. 4.3.
A similar link between the two variables is noticed during recent decades when using the
observed SSTs (HadISST (Rayner et al., 2003)) and the TPTs from MERRA (Figs. 4.3 c-f).
While the period 1979-1998 was characterized by a positive PDO-phase, the period 1999-
2014 featured a negative PDO-phase (Fig. 4.4 and Trenberth et al. (2014)). The differences
between these two time periods (Figs. 4.3 c-d) compare favorably with the patterns extracted
from our Natural model run (Figs. 4.3 a-b).
The response of tropopause temperatures to the phase shift of the PDO towards negative
conditions could well explain the observed warming of the tropopause since the beginning of
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the 21st century (Wang et al., 2013). This is supported by the trends in the observed SSTs
and the corresponding MERRA TPTs (Figs. 4.3 e-f). During 2001-2014, the SST showed a
negative PDO-like trend pattern, with a very similar TPT pattern as that in Fig. 4.3b. This
consistency between observations/reanalysis and model integration suggests that tropical
SSTs strongly affect tropical tropopause temperatures. In particular, the recent warming
trend observed in tropical TPTs may be a consequence of the PDO-phase change at the end
of last century.
To further understand the relationship between the PDO and tropical TPTs, a wavelet
analysis (Torrence and Compo, 1998) was applied to the first pair of MCA-PCs (Fig. 4.5)
that have been used in the above regression analyses. Both, the tropical SSTs and TPTs
depict significant decadal to multidecadal variability with periods of 21 and 50 years (Fig.
4.7). These periods are consistent with the well known periodicities of the PDO (Deser
et al., 2010). The short observational and model records, however, introduce uncertainty
concerning in particular multidecadal timescales.
4.3.3 Mechanism
To elucidate the mechanism for the connection between tropical TPTs and SSTs, a composite
analysis of selected variables was performed based on positive and negative PDO-phases from
the Natural model run (see PDO-phases in Fig. 4.6). During the negative PDO-phase, near
surface (850 hPa) winds are enhanced and indicate a strengthening of the Walker Circulation
over the equatorial Pacific, which is associated with anomalously cold equatorial Pacific
SSTs due to enhanced equatorial upwelling of water from subsurface levels. The stronger
Walker Circulation results in less frequent deep convection in the tropical central Pacific
and more frequent deep convection in the Western Pacific (Fig. 4.8b). At the same time,
anomalously warm SSTs and anticyclonic low-level circulation anomalies appear over the
North Pacific (Fig. 4.8a). Along with the weakened Aleutian low in the North Pacific (Fig.
4.8c), there is less deep convection in the Northeast and enhanced deep convection in the
Northwest Pacific (Fig. 4.8b).
The weaker Aleutian low generally interferes negatively with the climatological, station-
ary wave structure and weakens the climatological-mean stationary waves. Such negative
interference dampens the upward and poleward planetary wave propagation into the high-
latitude extratropical stratosphere (see the composite differences in the Eliassen-Palm flux
(E-P flux), Fig. 4.9). This in turn leads to a less wave-disturbed and stronger polar vortex
(Fig. 4.8c) (Hurwitz et al., 2012; Ineson and Scaife, 2009). The strengthened polar vortex
contributes to a weaker lower-stratosphere Brewer-Dobson circulation (Fig. 4.8d), according
to the momentum budget (Andrews et al., 1987). The reduced vertical motion shown in Fig.
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Fig. 4.6 PDO pattern and time series from EOF analysis as in Fig. 4.4, but for the Natural
model experiment. The PDO accounts for 36% of the SST variances in the model, and its
correlation with the PDO pattern in HadISST (Fig. 4.4a) is 0.72.
4.8d in the equatorial upper troposphere and lower stratosphere indicates a weaker Hadley
circulation in the upper tropical troposphere, and also a result combined with the weaker
Brewer-Dobson circulation in the tropical lower stratosphere. Recall to the thermodynamic
balance equation (1.2) in Chapter 1, the reduced vertical motion leads to the warming around
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Fig. 4.7 Wavelet analysis of the first pair of MCA-PCs from the Natural run (see time series
of MCA-PCs in Fig. 4.5). a, SSTs. left, Power distribution due to time and periods. The
black contour line indicates the regions above 95% confidence, Cross-hatched regions on
either end indicate the “cone of influence”, where edge effects become important. right,
The time-averaged power with different periods. The dotted line indicates the 95% level of
confidence. b, As in a, but for TPTs.
the tropical tropopause at around 18 km, which is strongest between 15°N and 15°S (Fig.
4.8d).
The different analyses described above are based on one single run with the CESM-
WACCM including a repeating 11-year solar cycle. Since such external forcing can produce
or enhance decadal to multidecadal variability in climate models (Park and Latif , 2012),
we repeated the analysis with data from a companion simulation in which solar forcing
was set constant (SolarMean, see a detailed description in Chapter 3). The results from the
SolarMean experiment are in very good agreement with the above results from the Natural
run. This especially applies to the MCA of SST with TPT anomalies as shown in Fig.
4.10. Only the multidecadal peaks in the wavelet spectra of leading MCA-PCs are shifted
to slightly longer periods (24 and 60 years), which may indicate the involvement of solar
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Fig. 4.8 Composite differences between negative and positive PDO-phases from the Natural
run. a, Mean differences for SSTs (colours) and near surface (850hPa) wind speeds (arrows).
b, Mean differences for fractions of deep convection. c, Mean differences for sea level
pressures (green contour lines) and geopotential heights (colours) in the middle stratosphere
(50 hPa) in the northern hemisphere (30°-90°N). d, Latitude-altitude cross section for dif-
ferences in the residual mean meridional circulation (arrows, scaled with the square root of
pressure, a direct diagnosis of meridional transport which combines contributions of eddy
and mean transport, calculated from the Transformed Eulerian Mean (TEM) diagnostics) and
temperature differences (colours). Stippling in a-d indicates 95% significance level.
forcing in modulating the time scales of the coupled ocean-atmosphere interaction, but this
does not affect the mechanism for PDO-TPT influences.
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Fig. 4.9 Latitude-altitude cross section for differences between negative and positive PDO-
phases in the E-P flux (arrows, scaled with the square root of pressure) as well as its
divergence (colours). The EP flux vector describes the strength and propagation direction of
planetary waves, while its divergence describes the interaction of planetary waves with the
mean flow.
4.4 Conclusions and outlook
In summary, recent trends in tropical tropopause temperatures between 1979 and 2014 show a
slight decrease between 1979 and 2000, and a statistically significant increase since 2001. We
attribute this multidecadal variability in TPTs to the shift of the Pacific Decadal Oscillation
from its positive to its negative phase (Fig. 4.4). This PDO-phase shift around the turn
of the millennium has also been confirmed in other studies, both at the surface, e.g., as
expressed by the global warming hiatus (England et al., 2014; Trenberth et al., 2014) and in
the lower stratosphere, e.g. as the hiatus in the acceleration of the Brewer-Dobson circulation
(Aschmann et al., 2014). Recent studies with short data sets (Dessler et al., 2014; Hegglin
et al., 2014) cannot detect significant long-term trends in stratospheric water vapour, but
find clear decadal variability in agreement with the results from our model experiments (Fig.
4.11).
We suggest that tropical tropopause temperatures, which have a control on stratospheric
water vapour, are influenced by decadal to multidecadal variability in Pacific SSTs. The
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Fig. 4.10 MCA and wavelet analysis of tropical SSTs and TPTs. a, c, same as in Figs. 4.3a,
4.3b, but for the SolarMean model experiment. b, d, same as in Figs. 4.7a, 4.7b, but for the
SolarMean model experiment.
PDO-like SST patterns modulate tropical tropopause temperatures via Walker, Hadley, and
Brewer-Dobson circulation changes. The PDO-phase may therefore provide a useful indicator
for tropopause and lower stratosphere decadal to multidecadal temperature and water vapour
variability. Further, there is also evidence of multidecadal modulation in stratospheric
circulation variability (e.g. the strength of the polar vortex) by the Atlantic Multidecadal
Variability (Omrani et al., 2014). The importance of such “bottom-up” mechanisms for
stratospheric dynamics and chemistry is still controversially discussed. Whether and how
these stratospheric changes feed back to the ocean awaits further studies.
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Fig. 4.11 Deseasonalized anomalies of tropical (20°S-20°N) lower stratospheric water
vapour from the SWOOSH (Stratospheric Water and Ozone Satellite Homogenized data set,
http://www.esrl.noaa.gov/csd/groups/csd8/swoosh/) data (orange) and the Natural simu-lation
(grey). a, Recent decades (1992-2014), and b, Long-term (1955-2099) variations. The thick
black line in b is low-pass filtered (15 years) data of the Natural run. Influences from volcanic
aerosols have been removed by a linear regression. rt pt = 0.6 is the corre-lation between the
low-pass filtered lower stratospheric water vapour and tropical tropopause temperature (Fig.
4.2b) from the Natural run.

Chapter 5
Decadal variability of lower
stratospheric water vapour: links to the
solar cycle and sea surface temperatures
5.1 Introduction
As described in Chapter 1, water vapour is one of the most important stratospheric trace
gases. The long-term trends in lower stratospheric (LS) water vapour are of great interest
but have not been understood and quantified to date. Clear decadal variability in LS water
vapour has been noticed from both model and observational studies (Dessler et al., 2014;
Fueglistaler et al., 2013; Hurst et al., 2011). Recently, this decadal variability in LS water
vapour has been linked to the 11-year solar cycle (Schieferdecker et al., 2015) with a time lag
of about 2 years. An explanation for this behavior and its physical mechanism, however, is
still not well understood.
LS water vapour is mainly controlled by the CPT, since it freeze-dries while crossing
the tropopause (Fueglistaler et al., 2009; Randel and Jensen, 2013). Chapter 4 shows an
evidence of the decadal to multidecadal variability in the tropical TPTs and connected this
decadal to multidecadal variability to the PDO. While the atmosphere has only a relatively
short memory, long-term variations of the climate system are mostly related to the ocean
which has a long-term memory due to its large heat capacity. This implies that SSTs may
play an important role in modulating the decadal to multidecadal variability of water vapour
in the lower stratosphere.
This chapter is a direct extension to Chapter 4, which investigates the decadal variability
of LS water vapour by using merged-satellite observations and reanalysis data as well as
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model simulations. A special focus of this chapter is to link LS water vapour to the 11-year
solar cycle and modes of sea surface temperatures (SSTs), i.e., the variability in combination
with ENSO and PDO.
5.2 Data, model simulations and methods
5.2.1 SWOOSH and MERRA water vapour data
The Stratospheric Water and OzOne Satellite Homogenized (SWOOSH) data set is a merged
record of stratospheric ozone and water vapour measurements taken by a number of limb
sounding and solar occultation satellites over the previous 30 years. The SWOOSH record
spans the period from 1984 to 2014 and comprises data from the SAGE-II/III, UARS HALOE,
UARS MLS, and Aura MLS instruments, with large amount of missing values in the data
before 1991 (since 1991 the HALOE data is available). The vertical pressure range of
SWOOSH data for H2O has 31 pressure levels, from 316 to 1 hPa. The measurements are
homogenized by applying corrections that are calculated from data taken during time periods
of instrument overlap. For further details, see http://www.esrl.noaa.gov/csd/groups/csd8/
swoosh/usersguide.pdf.
The Modern Era Retrospective-Analysis for Research and Applications (MERRA) reana-
lysis water vapour data, with full vertical resolution (72 vertical levels, about 1 km resolution
in the upper troposphere and lower stratosphere (UTLS)), is used as well (Rienecker et al.,
2011). The MERRA temperature data is in good agreement with observations in the UTLS,
and has been widely used in trajectory simulations for stratospheric water vapour (Fueglistaler
et al., 2013; Schoeberl and Dessler, 2011; Schoeberl et al., 2012). MERRA assimilates
water vapour data from both, the HALOE and the MLS instruments (Rienecker et al., 2011).
However, the MERRA stratospheric water vapour data has been rarely used in previous
studies. We start with a short validation of the MERRA water vapour data by comparison
with the SWOOSH data in section 5.3.
5.2.2 Model simulations
Same as in Chapter 4, the CESM Natural and SolarMean runs, which cover the period from
1955 to 2099 as listed in Chapter 3, are analyzed in this chapter. The Natural run employs all
natural forcing agents including spectrally resolved solar variability, a fully interactive ocean,
volcanic aerosols and a nudged QBO, while the SolarMean run uses constant solar irradiance
values averaged over the past 4 observed solar cycles. An overview of all CESM simulations
and details of all external forcings can be found in Chapter 3.
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5.2.3 Canonical correlation analysis (CCA)
The CCA is useful for exploring relationships between two time varying fields and for finding
projections of the data onto coherent patterns with maximum correlation. Although physical
interpretation of the CCA modes requires additional physical knowledge (Wilks, 2011). The
CCA between tropical (30°S-30°N) lower stratospheric (85 hPa) water vapour and SSTs is
achieved by singular value decomposition of the temporal correlation matrix, using equal area
weighting (square root of cosine of latitude). The pairs of singular vectors describe the spatial
patterns of each field. The PCs of water vapour and SST are obtained by projections on the
corresponding patterns. The global pattern of SSTs and water vapour, can be obtained by
regressions on the PCs of water vapour and SST, respectively. Note that the data are low-pass
filtered (6 years), since we focus on decadal to multidecadal variability, and influences from
volcanic aerosols are removed by a linear regression before applying the CCA.
5.3 Recent variability of LS water vapour
As discussed in previous studies, MERRA data shows high quality temperatures around the
tropical tropopause, in both its climatological values and its interannual variability (Schoeberl
et al., 2012; Wang et al., 2015b). However, MERRA water vapour data, especially in the
stratosphere to our knowledge has not been evaluated so far. Fig. 5.1a shows the normalized
time series of tropical (20°S-20°N) LS water vapour anomalies from both SWOOSH (1984-
2014) and MERRA (1979-2014) data. In general, the MERRA data shows relative good
agreement with the SWOOSH data with respect to the interannual variability of LS water
vapour, as well as in the decadal variability, i.e. an evident drop around 2001 and an increase
thereafter. Without normalization, LS water vapour variations in MERRA are less than in the
SWOOSH data (not shown, with discrepancies larger at higher levels), which might be due
to the slower tropical upward motion of the Brewer-Dobson circulation (BDC) in MERRA
compared to other observations (Schoeberl et al., 2012). Despite the differences in absolute
values between MERRA and SWOOSH data, MERRA provides a useful data set of LS water
vapour, with high horizontal and vertical resolution and relatively long time span from 1979
to 2014, which allows us to investigate decadal variability of LS water vapour.
Fig. 5.1b also gives the power spectrum of MERRA tropical LS water vapour anomalies
for the period of 1979-2014, which is computed by a FFT. Tropical LS water vapour shows
strong interannual variability with two significant peaks at about 2-3 years, which is related to
interannual ENSO and QBO variability. Another statistically significant peak can be found at
around 10 years, which indicates decadal variability in tropical LS water vapour in agreement
with previous studies (Dessler et al., 2014; Fueglistaler et al., 2013; Hurst et al., 2011).
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Fig. 5.1 a, Time series of normalized tropical LS water vapour anomalies from SWOOSH
(1984-2014, blue) and MERRA (1979-2014, black) data. The seasonal cycle has been
removed. b, Power spectrum of the MERRA water vapour time series in a, by a Fast Fourier
Transform (FFT) approach. Thick black line indicates the best fit based on a first-order
autoregressive model, and dashed red line indicates the 95% confidence level.
Beside the zonal mean, the spatial distribution of LS water vapour is also important, since
it is strongly controlled by the spatial structure of the tropopause temperature and therefore
a useful indicator for the LS response to the surface (Fu, 2013; Garfinkel et al., 2013a).
Fig. 5.2 shows the spatial distribution of the LS (85 hPa) water vapour climatology and
standard deviations of monthly anomalies (1992-2014) from data of SWOOSH, MERRA, as
well as our two CESM-WACCM simulations (Natural and SolarMean). The lowest water
vapour concentration together with the highest standard deviations in the tropics appear over
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the Indo-Pacific warm pool (IPWP), where the strongest convection and coldest tropopause
temperatures can be found. Such zonal asymmetry of LS water vapour as well as its standard
deviation can be seen in both SWOOSH and MERRA data, and also in our model simulations.
While the CESM model simulates comparable standard deviations with the SWOOSH data,
MERRA data shows less standard deviations, which is consistent with weak interannual
variability in MERRA as described above. Though there are some biases in both MERRA
and model simulations compared with the SWOOSH data, e.g. the low LS water vapour belt
in the tropics is too narrow in MERRA (might also be due to the weak BDC in MERRA),
MERRA and our model can generally capture the spatial pattern in the tropics and are suitable
to study LS water vapour variability.
As described above, there are also zonal asymmetries in tropopause temperature and LS
water vapour variability (Fu, 2013; Garfinkel et al., 2013a). A zonal average diminishes
the anomalies within different areas and may not be the best indicator of LS water vapour
variability, especially while quantifying the relative contributions due to different processes.
Here we applied an Empirical Orthogonal Function (EOF) analysis to the tropical (30°S-
30°N) water vapour deseasonalized anomalies at 85 hPa. The data has been area weighted by
the square root of cosine of latitude. As shown in Fig. 5.3a, there are two negative areas over
the IPWP and South America in the 1st EOF pattern, which is similar to the climatological
distribution of LS water vapour and its standard deviations (Fig. 5.2). Different to the 1st
EOF, the second EOF shows obvious zonal asymmetry (Fig. 5.3b). While a positive pattern
exists over the central Pacific, the Indian Ocean shows two negative belts in the tropics. This
zonal asymmetry pattern may be related to the redistribution of sea surface temperatures
(SSTs) and subsequent atmospheric circulation changes, which will be further discussed in
section 5.4.1.
The corresponding PCs for the two modes above are shown in Fig. 5.3c and 5.3d. PC1
represents the most of tropical LS water vapour variability over recent decades (Fig. 5.1a),
while PC2 contributes to some of the aspects. In particular, clear decadal to multidecadal
variability can be seen in both PCs after applying a low-pass (6 years) filter. Because we are
focusing on the decadal variability in this study, another EOF analysis was applied to the
low-pass (6 years) filtered tropical LS water vapour. The results (not shown), in both the
EOF patterns and PCs, are quite similar to what we show in Fig. 5.3. Hereafter, without any
special notice, we will do further analyses based on low-pass (6 years) filtered data.
Multiple linear regression (MLR) has been widely used to explain LS water vapour
variability (e.g. Dessler et al., 2014; Schieferdecker et al., 2015). Here we apply the MLR
to the first 2 EOF-PCs of the tropical LS water vapour. Before applying the MLR, lagged
correlations were calculated to identify possible connections between different predictors and
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Fig. 5.2 Spatial distribution of the 85 hPa water vapour climatology (colour) and standard
deviations (black contour lines) for the period of 1992-2014. Standard deviations are
calculated from deseasonalized monthly anomalies. a, SWOOSH; b, MERRA; c, CESM
Natural run and d, SolarMean run.
LS water vapour, and to investigate possible time lags for the different factors. The predictors
we considered include the ENSO, the QBO, the vertical velocity (w∗) of the BDC at 100 hPa,
solar cycle variability (Solar) and stratospheric aerosols (SAD) as suggested by previous
studies (e.g. Dessler et al., 2014; Randel and Wu, 2015; Schieferdecker et al., 2015), as well
as the PDO index which may have strong influences on decadal to multidecadal variability of
tropopause temperatures (Wang et al., 2015b).
The ENSO index is the 1st EOF-PC of monthly global sea surface temperature (SST)
anomalies (deseasonalized and detrended) as suggested by Deser et al. (2010). The observed
SSTs used in this study are the Hadley Centre SSTs (HadISST, 1900-2014 for this study)
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Fig. 5.3 (Top) Regression of tropical (30°S-30°N) water vapour anomalies at 85 hPa on the
first 2 EOF-PCs (bottom) from the MERRA data. (Bottom) The first two PCs (dotted black
lines) of an EOF analysis for the tropical (30°S-30°N) water vapour anomalies at 85 hPa.
The long-term trend and the annual cycle have been removed before the EOF analysis. Thick
blue curves indicate the low-pass (6 years) filtered time series.
(Rayner et al., 2003). The QBO variations are usually represented by a pair of orthogonal
time series QBO1 and QBO2, which can be constructed by an EOF analysis of the equatorial
zonal winds over 70-10 hPa (Randel et al., 2009). We use the observed QBO2 (data from
the FU Berlin: http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html) in this
study, which is the dominant mode of the QBO in the tropical lower stratosphere. The
vertical component of the BDC is calculated from the Transformed Eulerian Mean (TEM)
diagnostics (Andrews et al., 1987) from MERRA data. The solar cycle is based on monthly
values of the F10.7 index (10.7 cm solar radio flux) from National Oceanic and Atmospheric
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Administration (NOAA)’s Space Environment Center (www.sec.noaa.gov). We use the
aerosol data set which has been constructed for the CCMI project (ftp://iacftp.ethz.ch/pub_
read/luo/ccmi/) and is similar to the data described by Solomon et al. (2011). The PDO index
is the 1st EOF-PC of North Pacific (20°-70°N) SST anomalies (deseasonalized, detrended
and with global mean extracted) as suggested by Deser et al. (2010). All factors described
above are available for the period 1979-2014.
Fig. 5.4a shows lagged correlations between different factors and the first PC of LS
water vapour with different time lags. As addressed in the introduction, LS water vapour is
controlled by TPTs. TPTs show a very high correlation of 0.9 with the 1st EOF-PC of LS
water vapour. SAD and w∗ show also both relative large correlations with the 1st PC, which
are 0.52 and -0.47, respectively. ENSO and QBO2 show relative low correlations (about
0.2) with time lags of 5 and 2 months (this means ENSO and QBO are leading LS water
vapour of 5 and 2 months, not shown), respectively. These time lags are in general consistent
with previous studies (Marsh and Garcia, 2007, e.g.). Note that LS water vapour has been
low-pass filtered before applying the EOF analysis (see above), which is the reason of the
relative low correlations of ENSO and QBO . Without any low-pass filter, the correlations of
ENSO and QBO are a little higher (about 0.3). Solar and PDO show very low correlations
with the first PC (less than 0.1, not shown) at any time lags.
The lagged correlations between different factors and PC2 of LS water vapour are also
shown in Fig. 5.4b. Different from PC1, PC2 shows high correlations of -0.63, -0.57 and
-0.48 with Solar, ENSO and PDO, respectively. This indicates that PC2 is mainly an indicator
of decadal variability of tropical LS water vapour. It is very interesting that the Solar is
leading the LS water vapour by about 3 years. This confirms the results by Schieferdecker
et al. (2015), which also find a time lag between solar cycle and LS water vapour. However,
the time lag of about 3 years we found is a little different with their results of about 25 months.
This difference in time lag may be due to our EOF analysis instead of using zonal mean water
vapour in Schieferdecker et al. (2015). Additionally, the relative short time observations (36
years in our study and 22 years in Schieferdecker et al. (2015)) may cause uncertainties in
estimating the exact time lag. Also interesting is the correlation with the PDO. As discussed
by Wang et al. (2015b), a positive PDO-phase indicates warmer SSTs in the equatorial Pacific
associated with a weaker Walker Circulation, which leads to more convection and colder
tropopause temperatures over the central Pacific, and therefore results in less water vapour
transport across the tropopause. However, this negative correlation between PDO and LS
water vapour achieves its maximum while the water vapour is leading the PDO of several
months. This gives a hint for potential feedback of LS water vapour to surface climate.
5.3 Recent variability of LS water vapour 63
(a) (b)
Fig. 5.4 Lag correlations between different predictors and the first 2 EOF-PCs of MERRA
LS water vapour with different time lags. The LS water vapour before the EOF and the time
series of predictors before doing the correlation have been low-pass (6 years) filtered. a, TPT,
w∗ and SAD with PC1. b, Sloar, ENSO and PDO with PC2. Negative lag times mean the
factors are leading the PCs. The time lag as well as the value of the maximal correlation
are marked on the top right corner of each panel. The horizontal and vertical pointed lines
indicate the zero correlation and zero time lag lines, respectively. The vertical dashed lines
mark the time lag of each maximal correlations. Since this study is mainly attribute LS water
vapour variations to different predictors, the maximal corrections are only marked while the
predictors are leading the LS water vapour.
Now we start to attribute the 1st PC of tropical LS water vapour variability to different
predictors in a MLR. Fig. 5.5a shows time series of the 1st PC of tropical LS water vapour,
the regressed contributions by different factors, as well as the residuals. Proper time lags
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were used for each factor based on the lagged correlations in Fig. 5.4. Five and two month
lags were used for ENSO and QBO2, respectively, while no time lag were used for w∗ and
SAD. The solar signal has been tested with different time lags (0-22 months), which has little
contribution. Here we only present the result without the solar term for PC1.
The 1st PC shows obvious decadal to multidecadal variability beside the interannual
variability, i.e. a slight drop around 1985, a peak around 1991 due to the Pinatubo eruption, a
deep drop around 2001 and an increase afterwards. This is consistent with previous studies
(Dessler et al., 2014; Hegglin et al., 2014; Schieferdecker et al., 2015), though they used
different LS water vapour data sets. This confirms the suitability of the MERRA data for
studying the LS water vapour and our low-pass filtered EOF analysis to investigate the
decadal variability.
(a) (b)
Fig. 5.5 Time series of the 1st EOF-PC of low-pass (6 years) filtered tropical LS water vapour
from MERRA data (top, black line), the regressed water vapour with all factors (top, dashed
blue line), contributions of different factors, as well as the residuals (bottom). a, Without
PDO and b, with PDO included. The whole regression and the regression for each factor are
all over 95% significance.
The high values after 1991 are closely related to the Pinatubo eruption as seen in the
regressed SAD term. The steep drop around 2001 can be relatively well explained by ENSO
and w∗, and the increase after 2001 can be partly explained by w∗. However, the drop around
5.3 Recent variability of LS water vapour 65
1985 can not be well regressed by these factors, which can be clearly seen in the residual.
The variance of the residual is relatively small, which means that the MLR with ENSO,
QBO2, w∗, SAD and solar can generally well explain the decadal to multidecadal variability
in LS water vapour except the negative anomalies around 1985. Fig. 5.5b shows a similar
regression but with the PDO as regressor included. This time the drop around 1985 and
the increase after 2001 can be better reconstructed, and the residual is significantly reduced.
This indicates that the PDO plays an important role for multidecadal variability of LS water
vapour.
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Fig. 5.6 Same as Fig. 5.5, but for PC2. The regression of PDO in b is not significant (shown
as dotted line).
Fig. 5.6 shows the MLR analysis for the 2nd PC. In contrast to PC1, PC2 shows a clear
decadal variability. The 2nd PC can be well explained by ENSO and the solar cycle, with a
time lag of 37 months for the solar term. Note that, as discussed above, the time lag between
solar and LS water vapour is different from previous studies (Schieferdecker et al., 2015).
A similar result can be found when taking a time lag of 25 months in the solar term for the
MLR. The variance of the residuals will be 0.33 with a lag of 25 months compared to a 0.26
of variance with a lag of 37 months (not shown). The short observational time period (36
years in our study and 22 years in Schieferdecker et al. (2015)), makes it very difficult to
detect the exact time lag between the solar cycle and LS water vapour.
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In summary, the 1st PC of LS water vapour, which is a mixture of interannual to multi-
decadal variability, is mainly dominated by a combined effect of SAD, w∗, ENSO and PDO.
Whereas the 2nd PC depicts decadal variability of LS water vapour, and is determined by
decadal variability of ENSO and the 11-year solar cycle.
5.4 Links to the solar cycle, SSTs and tropopause temper-
atures
5.4.1 Links to SSTs
From the discussions above, it is obvious that there is decadal to multidecadal variability in
tropical LS water vapour. Since the atmosphere has only a short memory, it performs small
decadal to multidecadal variability due to internal processes. And therefore, an atmosphere-
ocean coupling is needed to explain the decadal to multidecadal variability. The CCA, as
described in section 5.2.3, was used to detect possible connections between LS water vapour
and SSTs.
Figs. 5.7a and 5.7b show the regressed patterns of observed SST and MERRA LS water
vapour anomalies on the corresponding time series of the first CCA mode (Figs. 5.7c and
5.7d). The SST anomalies are reminiscent of the negative ENSO/PDO phase, with cold
SST anomalies in the tropical Pacific and warm SST anomalies in the North Pacific. The
pattern correlation with the ENSO/PDO derived from observed SSTs amounts to -0.69/-0.47
(see observed ENSO/PDO patterns Deser et al., 2010). This ENSO/PDO like pattern is
accompanied with more water vapour over the tropical and subtropical east and central
Pacific and less over the Indian Ocean, especially over the IPWP region.
The corresponding pair of CCA-PCs is shown in Fig. 5.7c and 5.7d. The 1st CCA-PC of
water vapour is a clear combination of the first two EOF-PCs as shown in Fig. 5.3c and 5.3d.
It is closely correlated to the 1st SST CCA-PC, with a correlation of 0.66. This confirms
again the important impacts of SSTs on LS water vapour. The 1st SST CCA-PC further
indicates that it is closely related to both ENSO and PDO, with a correlation of 0.74 and 0.42,
respectively. A combination of ENSO and PDO (blue curve in Fig. 5.7d) can well represent
the 1st CCA-PC of SST, and therefore well explains the 1st CCA-PC and the recent decadal
variability of tropical LS water vapour.
LS water vapour pattern shown as in Fig. 5.7b is consistent with the ENSO/PDO regressed
pattern as in Figs. 5.8a and 5.8b, and also similar to the 2nd EOF shown in Fig. 5.3b. Fig.
5.8a shows the regressed MERRA LS water vapour (85 hPa) anomalies on the observed
ENSO index (negative) from the HadISST. During La Niña (negative ENSO) events, which
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Fig. 5.7 (top) Regression of global observed SST (HadISST) and LS (85 hPa) water vapour
anomalies (MERRA) on the first pair of CCA-PCs (Figs. 5.7 c-d). a, H2O and b, SSTs. The
percentage (%) is the amount of the first CCA mode that accounts for the squared covariance
between SSTs and water vapour, the number on the right-hand side is the pattern correlation
between the CCA-PC regressed SSTs with the observed ENSO and PDO pattern. Stippling
indicates the 95% significance level, with autocorrelation effects considered. (bottom) The
first pair of PCs from the CCA analysis between MERRA tropical (30°S-30°N) LS water
vapour and HadISST SSTs (details in Methods). The right side number in c indicates the
correlation between c and d. Left side numbers in d show the correlation between the 1st
CCA-PC of SST and the observed ENSO and PDO time series from EOF analyses (see
details in the text). The blue curve is a regression of the black curve from observed ENSO
and PDO time series, with a correlation shown at the right corner.
means cold SST anomalies in the equatorial Pacific, there are positive LS water vapour
anomalies over the central Pacific. At the same time, associated with colder SSTs in the
central and eastern Pacific, the Walker Circulation over the Western Pacific is enhanced and
result in stronger convection over the IPWP region. The stronger and deeper convection leads
to a colder tropopause and therefore contributes to more dehydration and less water vapour
transport across the tropopause. This results in negative water vapour anomalies shown over
the Indian Ocean.
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Fig. 5.8 Regression of global observed SST (HadISST) and LS (85 hPa) water vapour
anomalies (MERRA) on observed ENSO and PDO indexes for the period 1979-2014. a,
ENSO and b, PDO. Stippling indicates the 95% significance level.
Fig. 5.8b shows the regressed MERRA LS water vapour anomalies at 85 hPa on the
observed PDO index (negative) from the HadISST. A negative PDO, with also cold SST
anomalies in the equatorial Pacific, shares a similar mechanism to a La Niña event, which
leads to positive anomalies over the central Pacific and negative anomalies over the IPWP
of LS water vapour. In addition, with stronger warm SST anomalies in the North Pacific,
a negative PDO results in anticyclonic low-level circulation anomalies, which indicates
a weaker Aleutian low. The weaker Aleutian low generally interferes negatively with
the average wave structure and weakens the climatological mean stationary waves. Such
negative interference damps the upward and poleward planetary wave propagation into
the high-latitude extratropical stratosphere (Wang et al., 2015b). This leads to a wave-
induced strengthening of the polar vortex (Hurwitz et al., 2012; Ineson and Scaife, 2009) and
thus contributes to a weaker lower-stratosphere BDC, according to the momentum budget
(Andrews et al., 1987). The reduced vertical motion in the equatorial lower stratosphere due
to a slower BDC, leads to a warmer tropical tropopause and more LS water vapour. Different
to a La Niña event, the regressed negative anomalies over the Indian Ocean are not as strong,
while the positive anomalies over the Central Pacific are much stronger. These ENSO and
PDO regressed patterns are quite similar to both the CCA pattern above and the 2nd EOF
shown in Fig. 5.3b, which indicates that the LS water vapour is closely related to ENSO or
PDO, or a combination of both.
Although we used relative long period of reanalysis data, 36 years of MERRA data is still
too short to provide conclusive connections of LS water vapour with the PDO on decadal to
multidecadal time scales. To confirm the connection between the PDO and LS water vapour,
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two model simulations for 145 years with NCAR’s CESM-WACCM model were analyzed.
This model captures the variability of the UTLS temperatures and water vapour reasonably
well (Gettelman et al., 2010; Wang et al., 2015b).
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Fig. 5.9 (top) Regression of model simulated (Natural run) global SST and LS (85 hPa)
water vapour anomalies on the first pair of CCA-PCs. a, H2O and b, SSTs. The percentage
(%) is the amount of the first CCA mode that accounts for the squared covariance between
SSTs and water vapour, the number on the right-hand side is the pattern correlation between
the CCA-PC regressed SSTs with the observed ENSO and PDO pattern. Stippling indicates
the 95% significance level, with autocorrelation effects considered. (bottom) The first pair
of PCs from the CCA analysis between tropical (30°S-30°N) LS water vapour and SSTs
from the CESM Natural run. The right side number in the top panel indicates the correlation
between c and d. Left side numbers in the bottom panel show the correlations between d and
modeled ENSO and PDO time series from EOF analyses (see details in the text).
Figs. 5.9a and 5.9b show the regressed patterns of SST and LS water vapour anomalies
on the corresponding time series of the first CCA mode (Figs. 5.9c and 5.9d). The SST
anomalies are again similar to ENSO/PDO phase, with pattern correlation of -0.75/-0.66
with observed ENSO/PDO pattern, while the corresponding LS water vapour anomalies are
quite similar as shown in Fig. 5.7b. The first pair of CCA-PCs of LS water vapour and SSTs,
as shown in Figs. 5.9 c-d, are closely related to each other, with a correlation of -0.51. The
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corresponding SST PC is closely correlated the modeled ENSO/PDO time series (based on
the EOF analysis as suggested by Deser et al. (2010) for the Natural run), with correlations of
0.74/0.60. This consistency between observations/reanalysis and model integration suggests
that the variations of SSTs, such as ENSO and PDO, strongly affect the tropical LS water
vapour.
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Fig. 5.10 Power spectrum of corresponding CCA-PCs of LS water vapour from Natural (top)
and SolarMean (bottom) runs. Thick black lines indicates the best fit based on a first-order
autoregressive model, and dashed red lines indicates the 95% confidence level.
To further understand the decadal to multidecadal variability of tropical LS water vapour,
a power spectrum analysis was applied to the corresponding 1st CCA-PC of water vapour
(Fig. 5.9c) for the whole integrated period from 1955 to 2099. The tropical LS water vapour
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depicts significant decadal to multidecadal variability with periods of about 6, 11 and 24
years (Fig. 5.10a). The 11-year period can be confirmed to be related to the 11-year solar
cycle by the SolarMean simulation. The SolarMean simulation shows similar results (not
shown) from a CCA analysis as shown in Fig. 5.9 for the Natural run. However, without the
11-year solar cycle, the peak around 11-year is shifted to about 9 year in the SolarMean run
(Fig. 5.10b). The 6-year period may be due to the multi-year variability of ENSO, while the
24-year period may be related to the PDO. This can be supported by the power spectrum of
the observed ENSO and PDO time series as shown in Fig. 5.11.
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Fig. 5.11 Power spectrum of observed (HadISST) ENSO and PDO time series from EOF
analyses (see details in the text). Thick black lines indicates the best fit based on a first-order
autoregressive model, and dashed red lines indicates the 95% confidence level.
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5.4.2 Solar influences on SSTs
From analyses above, the decadal variability of LS water vapour is evident and its connection
with the 11-year solar cycle has been confirmed from both observations and model simu-
lations. One remaining question is the time lag of 2-3 years between the 11-year solar cycle
and LS water vapour as addressed by Schieferdecker et al. (2015) and also discussed above.
As discussed in previous studies, the irradiance anomalies of the 11-year solar cycle may
be amplified and produce ENSO-like SST anomalies in the Pacific (e.g. Meehl et al., 2009;
van Loon and Meehl, 2014). Further, though the mechanism is not clear, a lagged response
in SSTs to the solar cycle has been discussed in both the North Atlantic (Gray et al., 2013;
Scaife et al., 2013; Thieblemont et al., 2015) and the North Pacific (Hood et al., 2013; Meehl
and Arblaster, 2009; Roy and Haigh, 2012). This indicates a potential mechanism for the
delayed solar signal in LS water vapour as pointed out by Schieferdecker et al. (2015).
Fig. 5.12 shows regressed SST anomalies on the monthly solar f10.7 fluxes with different
time lags for the period of 1950-2014. A clear evolution of ENSO- or PDO-like pattern
can be seen. Without time lag, there are only weak positive/negative SST anomalies in the
Indian/Atlantic Ocean, and warm/cold SST anomalies in the northeastern/central Pacific.
Note that our analysis is a little different to previous studies (e.g. Meehl et al., 2009). We
regressed SST anomalies (after subtract the global mean time series) directly onto the solar
f10.7 monthly time series, while they applied a composite of winter SST anomalies due
to solar maximum and solar minimum years. This may be one reason why our pattern
looks different from their results. Another reason might be due to the time period selected
for regression. We chose the period of 1950-2014, when the solar f10.7 observations are
available, while they used the sunspot numbers from 1870 to 2002. With longer time delay,
the signals become stronger in the Pacific, i.e. warmer anomalies in the equatorial Pacific,
colder anomalies over North Pacific. After about 2 years, an ENSO- or PDO-like pattern
can be seen clearly. Our results confirm Meehl and Arblaster (2009), which showed a warm
ENSO event after about two years of the solar maximum. It also happens in the North
Atlantic (Gray et al., 2013; Scaife et al., 2013; Thieblemont et al., 2015). After about two
years, a positive NAO-like pattern can be seen in the SST anomalies over the North Atlantic.
The ENSO- or PDO-like pattern evolution can also be seen from areas with significant
SST anomalies. At lag 0-month, when the solar forcing is maximum, significant warm SST
anomalies mainly exist over the Indian Ocean Warm Pool area and part of the western tropical
Pacific. The warm SST anomalies over the western Pacific further develop and extend to the
central and eastern tropical Pacific as the lag longer. Finally, at lag 20-month, significant
warm SST anomalies prevail over the most of the tropical Pacific, of which pattern is El
Niño-like. We therefore hypothesize that solar forcing initially warms the Indian Ocean and
5.4 Links to the solar cycle, SSTs and tropopause temperatures 73
Reg SST-Solar Lag =  0
0 60E 120E 180 120W 60W 0
longitude
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
La
tit
ud
e
 
Reg SST-Solar Lag =  6
       
 
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
La
tit
ud
e
 
Reg SST-Solar Lag = 12
       
 
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
La
tit
ud
e
 
Reg SST-Solar Lag = 18
0 60E 120E 180 120W 60W 0
longitude
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
 
  
 
 -0.20
 -0.15
 -0.10
 -0.05
  0.00
  0.05
  0.10
  0.15
  0.20
 
K s.d. -1
 
Reg SST-Solar Lag = 24
       
 
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
 
  
 
 -0.20
 -0.15
 -0.10
 -0.05
  0.00
  0.05
  0.10
  0.15
  0.20
 
K s.d. -1
 
Reg SST-Solar Lag = 30
       
 
-90-75
-60
-45
-30
-15
  0
 15
 30
 45
 60
 75
 90
 
  
 
 -0.20
 -0.15
 -0.10
 -0.05
  0.00
  0.05
  0.10
  0.15
  0.20
 
K s.d. -1
 
Fig. 5.12 Regressed SST anomalies from HadISST due to observed solar F10.7 time series
(NOAA) for the period 1950-2014, with different time lags of 0-30 months. Stippling
indicates the 95% significance level, with autocorrelation effects considered.
western Pacific Ocean radiatively, and propagation of these SST anomalies are important
to generate El Niño-like pattern at the end. The mechanism of the SST development and
propagation need further investigation though involvement of Walker circulation seems
important such that positive feedback between the El Niño-like SST anomalies and Walker
Circulation weakening. Resulting El Niño-like pattern then influences the North Pacific
through the atmospheric teleconnections, e.g. the atmospheric bridge (Alexander, 2013), and
produces PDO-like SST anomalies maximum at about lag 30-month. It is noteworthy that
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SST anomalies in the North Pacific start to develop significantly when El Niño-like pattern is
being matured at lag 18-month.
Beside the interannual variability of 3-8 years, ENSO also has decadal variability (Deser
et al., 2010), which can be seen in Fig. 5.11. Fig. 5.13 shows the band-pass filtered (9-13
year) time series of the f10.7 solar flux (black), as well as the observed ENSO and PDO
index (blue) from the HadISST. Solar is leading the decadal ENSO of 20 months obviously,
and is leading the PDO of about 30 months. This confirms the ENSO-to-PDO evolution
of the regressed SST pattern with different time lags shown in Fig. 5.12. The larger time
lag of PDO compared with ENSO is consistent with previous studies (e.g. Newman et al.,
2003), which indicated that the PDO may be somehow driven by the ENSO. The delay of 20
months between Solar and decadal ENSO might be due to the atmosphere-ocean interactions,
which has been discussed by previous studies for the lag response of NAO to the solar cycle
(Gray et al., 2013; Scaife et al., 2013; Thieblemont et al., 2015). This is reminiscent of the
’bottom-up’ mechanism of amplifying responses of the troposphere and stratosphere to the
solar signal. The ’bottom-up’ mechanism magnifies responses to a small initial solar forcing
by involving air-sea coupling (e.g. Gray et al., 2010; Meehl et al., 2009), which may take a
couple of years (Meehl and Arblaster, 2009; White and Liu, 2008).
In summary, with a lag of 20/31 months from Solar to ENSO- or PDO-like SST pattern,
plus the links between LS water vapour and SSTs by modulating TPTs as addressed above, a
link between the solar cycle, ocean variability, tropopause temperatures and finally the LS
water vapour is established. This confirms and explains the results of Schieferdecker et al.
(2015).
5.5 Conclusions and discussion
The MERRA data are suitable for investigating the LS water vapour variations over the
past decades (1979-2014). Obvious decadal to multidecadal variability in tropical LS water
vapour has been confirmed by both merged satellite observations (SWOOSH) and MERRA
reanalysis data. Beside the zonal mean, LS water vapour also shows an asymmetry in its
spatial distribution, i.e. low concentrations over the IPWP and high concentrations over the
central Pacific. An EOF analysis was applied to the MERRA water vapour data at 85 hPa.
The 1st mode shows a similar pattern as its climatology, which indicates large variations of
LS water vapour over the IPWP. The 2nd mode shows a dipole pattern in LS water vapour,
i.e., positive anomalies over the central Pacific and negative anomalies over the Indian Ocean.
The 1st PC of LS water vapour can be explained by the combined contributions from
ENSO, QBO, w∗, SAD and PDO, which indicates that PC1 depicts mixed variations from
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Fig. 5.13 Band-pass filtered (9-13 year) observed solar f10.7 flux time series (NOAA), as
well as ENSO (a) and PDO (b) indexes from EOF analyses on HadISST.
interannual to multidecadal time scale. The ENSO, QBO and PDO influence LS water vapour
by modulating the TPT and the w∗. The 2nd PC, which depicts decadal variability of LS
water vapour, is dominated by ENSO and the 11-year solar cycle. A time lag between solar
cycle and LS water vapour, has been confirmed, though the exact timing of the lag needs
further investigations.
The connection between LS water vapour and SSTs is evident from observed SSTs and
MERRA reanalysis, based on a CCA analysis. SSTs affect LS water vapour by modulating
convection, TPTs and dynamical circulations in both the troposphere and the stratosphere.
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This could be confirmed by long-term fully-coupled model simulations. A power spectrum
analysis indicates that the variability of LS water vapour peaks at periods of 6, 11 and 24
years from our mode simulations, which are potentially related to ENSO, solar cycle, and
PDO, respectively.
A link for the solar signal in the LS water vapour over ocean variability and tropopause
temperatures has been established. From observed solar f10.7 fluxes and SSTs, the solar
11-year cycle is leading the decadal variability of ENSO of about 20 months. Solar maximum
conditions lead to positive SST anomalies over the western tropical Pacific and these SST
anomalies propagates east to the central and eastern Pacific producing El Niño-like SST
anomalies. These warm SST anomalies in the central and eastern Pacific further lead to a
weaker Walker Circulation. This results in stronger and deeper convection over the central
Pacific and weaker and shallower convections over the IPWP, and therefore colder TPTs and
less water vapour over the central Pacific, and warmer TPTs and more water vapour over the
IPWP in the lower stratosphere.
However, though there are some discussions by previous studies, the mechanism of the
time lag between the 11-year solar cycle and ENSO or PDO is still not clear (Gray et al.,
2010). The exact period of lag needs further investigations because of the relative short
time measurements. Or, the lag of time may depend on the background climate and may be
different under different conditions (Roy and Haigh, 2012).
As a powerful greenhouse gas, water vapour has important feedbacks to the surface
climate. The decadal to multidecadal variability in LS water vapour provides a potential way
in driving the surface climate or influencing air-sea interactions. This study demonstrates
that it is of paramount importance to pay attention to decadal to multidecadal variability of
the LS water vapour, in order to understand interactions with the surface climate.
Chapter 6
Summary and outlook
In this thesis, the detailed thermal structure of the TTL, i.e. the tropopause inversion layer
(TIL), has been studied in high accuracy and high vertical resolution GPS-RO observations,
and in model simulations with high vertical resolution. The recent variability of the strength
of the TIL since 2001 has been investigated for the first time, in both observations and model
simulations.
An exceptional set of long (about 150 years) model simulations with NCAR’s CESM-
WACCM model, which includes an interactive ocean, an interactive chemistry, and a well-
resolved stratosphere, has been used to explain the observed TTL variability. These ex-
periments were designed to specifically quantify the contributions from both natural and
anthropogenic factors, including solar variability, SSTs, the QBO, stratospheric aerosols and
GHGs. The importance of the vertical resolution in climate models has also been evaluated
in reproducing the observed TTL variability.
The observations and model simulations together provide, for the first time, evidence
of a connection between the TTL decadal to multidecadal variability and the PDO. Such
a connection is vital to explain the observed long-term variability of the TTL temperature,
and implies potential improvements in the decadal predictability of the TTL. This work has
also investigated possible links between the decadal to multidecadal variability of lower
stratospheric water vapour and SSTs, as well as the 11-year solar cycle.
6.1 Conclusions
Here, the questions raised in the introductory chapter of this thesis shall be revisited, and the
answers to them obtained in the different chapters will be summarized.
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• What is the recent TTL temperature variability measured by the GPS-RO data?
How well can the WACCM model capture this variability?
– A decrease in the strength of the tropical TIL of 0.4 K, and an increase in tropical
tropopause temperature of 1 K over the last decade, were found in the GPS-RO
data.
– The increase of tropical tropopause temperature and the decline in the strength of
TIL can only be simulated in the WACCM with high vertical resolution (~300 m
in the TTL) but not in the standard WACCM simulation (~1 km).
– The decrease of the strength of TIL and the increase of the tropopause temperature
are directly related to each other and are a combination of both dynamical and
radiative processes. Weaker upwelling might lead to a warmer tropopause and
less cooling or even warming of the lower stratosphere.
• How do different natural and anthropogenic factors contribute to the recent TTL
temperature variability? How important is the vertical resolution of a climate
model for reproducing the TTL variability?
– Internal variability, i.e. a decrease in tropical sea surface temperatures and
stronger QBO associated westerlies are main drivers of the recent warming of
the TTL, contributing about 0.3 and 0.2 Kdecade−1, respectively. Increased
stratospheric aerosols also contribute 0.2 Kdecade−1 warming, while the delayed
and relatively weak current solar maximum contributes a cooling of about 0.2
Kdecade−1.
– The vertical resolution of the model influences the TTL response to the surface
strongly, via dynamical changes, e.g., the lower and upper branches of the BDC.
This leads to a 0.8 Kdecade−1 extra warming in the TTL in the finer vertical
resolution experiment as compared to the standard vertical resolution.
• How important is decadal to multidecadal variability in estimating the long-term
trend of the tropical tropopause temperature, and which processes control it?
– Instead of a sustained long-term trend, tropopause temperatures performed evi-
dent multidecadal variability during recent decades, i.e., a slight decrease between
1979 and 2000, and a statistically significant increase since 2001.
– We present for the first time evidence that multi-decadal variability in tropical
tropopause temperature is tightly linked to the Pacific Decadal Oscillation (PDO).
6.1 Conclusions 79
A negative PDO phase is linked to anomalously cold sea surface temperatures in
the tropical Pacific and warm sea surface temperatures in the North Pacific. This
drives a stronger Walker Circulation in the equatorial Pacific and a weaker Hadley
Circulation in the troposphere, and a slower Brewer-Dobson circulation in the
stratosphere. The subsequent weaker tropical upwelling from the troposphere to
the lower stratosphere then warms the tropical tropopause. The reverse is true for
the positive phase of the PDO.
– The multidecadal variability in the tropical tropopause temperatures over the
recent three decades can be attributed to the shift of the PDO from its positive to
its negative phase. This shift, which happened around the turn of the millennium,
has also been confirmed in other studies, both at the surface, e.g., as expressed
by the so-called global warming hiatus (England et al., 2014; Trenberth et al.,
2014) and in the lower stratosphere, e.g. as the hiatus in the acceleration of the
Brewer-Dobson circulation (Aschmann et al., 2014).
• Can we explain the recent variability of lower stratospheric water vapour? Which
processes determine its decadal to multidecadal variability?
– Decadal to multidecadal variations in lower stratospheric water vapour from
1979-2014 are found to be mainly due to the 11-year solar cycle, decadal ENSO
variations and the PDO.
– An EOF analysis indicates that, the first principal component of lower stra-
tospheric water vapour can be explained by the combined contributions from
ENSO, QBO, the Brewer-Dobson circulation, stratospheric aerosols and the PDO,
while the second principal component is dominated by ENSO and the 11-year
solar cycle.
– The 11-year solar cycle leads an ENSO-like SST pattern by about 2-3 years,
which in turn influences the atmospheric circulations in both the troposphere and
the stratosphere. It particularly modulates tropical tropopause temperatures and
thereby determines lower stratospheric water vapour.
– A link between the solar cycle, decadal ENSO variations and tropopause tem-
perature variability provides a potential way to improve decadal predictability
of lower stratospheric water vapour, which may have important feedbacks on
surface climate due to its strong radiative effects.
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6.2 Discussion and outlook
In this thesis, long-term variations in the strength of the TIL, a recently discovered aspect of
the tropopause, has been investigated for the first time. This illuminated the mechanisms for
TIL formation and maintenance, which are currently still under debate. However, the exact
impacts of the TIL on both the stratosphere and troposphere are still not well understood.
Modeling key aspects of the TIL was improved using a climate model with a high vertical
resolution, the main features of the TIL are still difficult to reproduce, e.g., the maximum
of N2 (Buoyancy Frequency) is still not simulated at the correct height. This indicates that,
beside the vertical resolution, other improvements, e.g., a proper representation of gravity
waves, are likely needed.
Three short (10-year) simulations indicate that WACCM with a higher vertical resolution
simulates a more realistic response of the TTL region to prescribed SST changes. This su-
ggests that, without a proper vertical resolution, atmosphere-only simulations with prescribed
SSTs may provide unrealistic surface-forced upper atmosphere variability. For example,
the disagreement among CCMs in the BDC trend (e.g., Butchart, 2014; Engel et al., 2009;
Oberländer et al., 2013; SPARC-CCMVal, 2010) may be due to unrealistic responses to SST
forcing caused by the coarse vertical resolution of most CCMs. This indicates the need for
further studies with long-term model simulations to estimate the importance of the vertical
resolution.
This thesis has found for the first time a connection between the tropical tropopause
temperatures and the decadal to multidecadal variability in Pacific SSTs (PDO), evident in
both observations and model simulations. However, details about the proper mechanism are
still unclear. For example, it remains to be seen how the PDO works together with ENSO
in modulating the tropospheric and stratospheric circulations, subsequently influencing the
tropopause temperature. Distinguishing the individual effects of the decadal variability in
ENSO and the PDO remains a challenge. At the same time, there is evidence for multidecadal
modulation in stratospheric circulation variability (e.g. the strength of the polar vortex) by the
Atlantic Multidecadal Variability (Omrani et al., 2014), which indicates also a "bottom-up"
mechanism. However, the importance of such "bottom-up" effects for stratospheric dynamics
and chemistry is still controversial. Whether and how these stratospheric changes feedback
on the ocean awaits further studies.
A link between the 11-year solar cycle and decadal lower stratospheric water vapour
variability has been established through air-sea interactions. However, the mechanism of
lagged solar signals in SST anomalies is still lacking. As a powerful greenhouse gas, water
vapour may provide an amplification mechanism for solar effects on the surface.
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The GPS-RO observations are only available since 2001. Even relatively high quality
reanalysis data, e.g. MERRA, are only available since 1979. These short time observation
or observation-based data sets limit the certainty that we can currently have in long-term
trends or even multidecadal variations in the TTL. It is hoped that the findings presented in
this thesis, which are based on limited observations and simulations with one model, will
trigger new research with other climate models on the decadal to multidecadal variability of
the stratosphere, especially its connections to the surface.
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